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i 
Theoretical Study of the Structures, Energetics and Reactions of 
Some Chemical Systems 
Abstract 
W e have applied different theoretical models, such as Gaussian-3 (G3) and its 
variant G3(MP2), to study a number of chemical systems. These investigations 
include: (i) a theoretical study on the structure and stability (including the calculation 
of heats of formation) of tri-s-triazine and its 22 derivatives, (ii) a G3 study on the 
dissociation channels of acetone upon photoionization, (iii) a G3(MP2) study on the 
formation and ion-molecule reactions of C3H60+. isomer ions produced by the 
fragmentation of 1,4-dioxane radical cation, and (iv) a theoretical study on the 
photodissociation reactions of chloroiodomethane. The results of each of these 
projects are reported in a self-contained chapter in this thesis. 
In these studies, good to excellent agreement between our computational 
energetics results and available experimental data is obtained. Indeed, in many 
cases, computational results are found to be very useful in analyzing and interpreting 
the experimental data. In view of this, we can expect that the calculated results with 
no experimental data available for comparison should be reliable estimates. 
Furthermore, the agreement between experimental data and computational results 
lends considerable credence to the reaction pathways proposed. 
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The primary objective of computational chemistry is to provide an accurate 
and reliable prediction of energetics of molecular systems and mechanisms of 
chemical reactions. A number of theoretical procedures have been proposed to 
achieve these goals. “
 5
 In the past decade or so, Pople and his co-workers, with 
these purposes in mind, introduced a series of ab initio methods, the Gaussian-n (Gn) 
models. “ Their aim is to develop a general procedure for accurate energies 











 methods as well as 
their less expensive variants. The Gn techniques, based on a series of additivity 
approximations,
13-15
 consist of a sequence of well-defined single-point calculations to 
provide an accurate prediction on the energetics of a given molecular system. Using 
these theoretical procedures, the calculated energies of the molecular systems with 10 
or more atoms, are expected to have an error bar of the order of 10-15 kJ mol"
1
 (or 
about 2-3 kcal mol"
1
). 
The G3 method is the latest member of this series of theoretical procedures. 
Compared with Gl and G2, the G3 method is computationally less demanding and 
yet yields more accurate results. Due to this superiority of the G3 model, we 
employ the G3 method and its variant G3(MP2)
10
 whenever they are applicable. 
They are applied to study the structures, energetics and reactivity of the chemical 
systems presented in this thesis. 
1.1 The Gaussian-3 Method 
The G3 energy is an approximation of the molecular energy at the 
QCISD(T)/G3large level, where G3large is a modified 6-3 ll+G(3df,2p) basis set. In 
the G3 model, structures are optimized at the second-order M(|)ller-Plesset theory 
(MP2) using the 6-31 G(d) basis set with all electrons included, i.e., at the 
MP2(Full)/6-31 G(d) level. Based on these optimized structures, single-point 
calculations at the QCISD(T)/6-31G(d)
?
 MP4/6-31 G(d), MP4/6-31+G(d), MP4/6-
31G(2df,p), and MP2(Full)/G3large levels are performed. Also, this model requires 
1 
higher level correction (HLC) in the calculation of total electronic energies (E
E
). The 




 一 2.977 x W \ n
a
 — n^) for molecules and -6.219 x 1 0 % -
1.185 x 10" (na - wp) for atoms, in which na and n^ are the number of a and |3 
electrons, respectively, with na > n^. The HF(Full)/6-31 G(d) or MP2(Full)/6-31 G(d) 
harmonic vibrational frequencies, scaled by 0.8929 or 0.9661
18
, respectively, are 






















125 molecules for which these quantities have been well established experimentally. 
The average absolute deviation is about 1.02 kcal mol"
1
 (or about 4 kJ mol"
1
) for 
atomic species and molecules or ions with only a few atoms.
9
 Detailed methodology 
of the G3 theory is given in Appendix A. 
1.2 The G3 Method with Reduced M(|)ller-Plesset Order and Basis Set 
An economical variant of the G3 theory, G3(MP2),
10
 has been introduced by 
Pople et al. The G3(MP2) model involves only two single-point energy calculations, 
at the QCISD(T)/6-31G(d) and MP2/G3MP21arge levels, based on the geometry 
optimized at the MP2(Full)/6-31 G(d) level. The G3MP21arge basis set is the same as 
the aforementioned G3large basis set, except the core polarization functions have 
been removed.
10
 Also, H L C is included to yield the E
T
 of the molecule, where H L C 
=-9.729 x 10"
3




 - 參 Similar to the G3 method, the HF(Full)/6-
31G(d) or MP2(Full)/6-31 G(d) harmonic vibrational frequencies, scaled by 0.8929 or 
i o • • 
0.9661 , respectively, are applied for the zero-point vibrational energy (ZPVE) 
correction at 0 K (EQ = JE
E
 + ZPVE). Since the single-point calculations in the 
G3(MP2) methods are carried out at the M P 2 level, instead of M P 4 in the G3 model, 
the G3(MP2) procedure is computationally more economical. 
It is noted that the G3(MP2) method is slightly inferior to the G3 method. It 
yields results with average absolute deviations of 1.3 kcal mol"
1
 (or 〜5.4 kJ mol"
1
), 
when compared with the aforementioned 299 energies determined by experiments.
9 
To modify the G3(MP2) model, it has been proposed that geometry 
optimization may be carried out with density function theory (DFT) , instead of the 
ab initio level of MP2(Full)/6-3 lG(d). Specifically, the DFT level employed in the 
2 
geometry optimization is B3LYP/6-31++G(d) (this method will be briefly discussed 
i n 
in the next section). This modified G3(MP2) model is called G3(MP2)//B3LYP 






 isomer ions. 
1.3 Density Functional Theory (DFT) 
The basis for DFT is the proof by Hohenberg and Kohn
16
 that the ground 
state electronic energy is determined completely by the electron density, p(r). In 
particular, the set of self-consistent one-electron equations by Kohn and Sham
19 
includes exchange and correlation effects in an approximate way. Substituting the 
mathematical expressions for the kinetic and potential energies, the total energy for N 
electrons (index i) and Mnuclei (index a) can be written, without approximation, as: 





2 r ^ '12 
where the first term describes the kinetic energy of N non-interacting electrons with 
density p(r). The second term represents Coulomb interaction between the electron 
and nucleus. The third term represents the Coulomb interaction between the two 
charge distributions. The last term, the EXc\p] functional, accounts for the exchange-
correlation energy. 
1.4 Calculation of Thermodynamical Data 
The heats of formation at temperature T (A/ffr) in this work were calculated 
in the following manner. For molecule AB, its Gn M f n was calculated from the 
corresponding heat of reaction AH°
RT
(A + B -> AB) and the respective experimental 
AH°FI(A) and A//°fr(B) for elements A and B. 
1.5 Remark on the Location of Transition Structures 
In this thesis, all stationary points on the potential energy surface (PES) were 
characterized by vibrational frequency calculation. In other words, all stable species 
possess real vibrational frequencies only, while transition structures (TSs) have one 
and only one imaginary vibrational frequency. For each TS, the “reactant(s)” and 
3 




In case of IRC failure, such as IRC calculations for certain rotational TSs, the TS was 
judicially modified according to the transition vector and then its ‘‘reactants(s)” and 
“product(s)” were obtained by following the downward paths from the TS. Also, for 
the dissociation channels which we claim to involve only bond breaking and no TSs, 
we did try to locate the TS(s) for them and found none. 
1.6 Natural Bond Orbital (NBO) Analysis 
The Natural Bond Orbital (NBO) analysis has been carried out for a number 
of species in order to study the bonding and interactions in derivatives of tri-s-






 and related systems in Chapter 4. This 
analysis allows us to isolate the interaction energies in low-order perturbative 
expressions of easily interpretable form and to relate these expressions to chemical 
explanations. The bond interaction in various systems is discussed in terms of 
stabilization energies, AE(2), which is calculated by the second-order perturbation 
analysis of the Fock matrix obtained in the N B O analysis.
22
 By this perturbational 
approach, the donor-acceptor interaction involving a filled orbital cp (donor) and an 
unfilled antibonding orbital cp^  (acceptor) can be quantitatively described. 
Specifically, this stabilization energy is calculated by the following expression: 
^ (pep*(2) ^ _ 
b(p* — bcp 
where F is the Fock operator and 8^ and s一 are the N B O energies of the donor and 
acceptor orbitals, respectively. 
1.7 Scope of the Thesis 
In the following Chapters, the calculation results of a number of molecular 
systems will be discussed. In Chapter 2, the structures and energetics of tri-s-triazine 
and its 22 derivatives are studied at the MP2(Full)/6-31 G(d) and G3(MP2) levels, 
respectively. The substituent effects on geometry and electronic structure will also 
be discussed in this chapter. In Chapter 3, the dissociation channels of acetone 
radical cation have been studied by the G3 method. The formations and ion-




 isomer ions produced by the fragmentation of 1,4-
dioxane radical cation have been investigated by the G3(MP2)//B3LYP method in 
4 
Chapter 4. In Chapter 5, the photodissociation mechanisms of chloroiodomethane 
have been studied by ab initio calculations. Finally, a conclusion will be given in 
Chapter 6. 
Editorial Note: Each chapter of this thesis should be treated as a separate entity. In 
other words, each chapter has its own numbering system for molecular species, 
equations, tables, figures and references. 
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Chapter 2 
Theoretical Study of Tri-s-triazine and Its Derivatives 
Abstract 
A b initio method has been used to study the geometric and electronic 
structures of tri-s-triazine and its 22 derivatives (2,5,8-triR-tri-s-triazine, 2-R-5,8-
dihydroxy-tri-s-triazine and 2-azido-5,8-diR-tri-s-triazine, R = NH2, O H , N3, NO2, 
C三N, F, CI, CH
3
, C H = C H
2
, C三 C H and C H O ) at the MP2(Full)/6-31 G(d) level of 
theory. The G3(MP2) model has been applied to calculate the heats of formation 
(AHF) at 0 K and 298 K for these molecules. Calculation results show that the tri-s-
triazine parent ring retains a planar structure and extensive conjugation in all its 
derivatives. Substituent effects on the geometry and electronic structure are also 
discussed. Moreover, our study shows that some of our discussed compounds are of 
high energy content. 
2.1 Introduction 







，with n = 1, 2,..., 6. s-Triazine is one of the well-known 
members in the family due to the wide application of s-triazine-based chemicals. 
Tri-s-triazine, which consists of three fused s-triazine rings, is proposed to be an 
important molecule which, when substituted with various functional groups, will lead 
• • 1 2 
to a variety of s-triazine-based compounds with interesting and useful applications.， 
八 N ^ N 
y j n 人 N 〜 
� l 人 J 
N N 
s-Triazine Tri-s-triazine (A) 
In the work of Tian et al., density functional theory was used to study the 
• • 1 2 
geometries and electronic structures of tri-s-triazine and its substituted derivatives.' 
Energetics study using semi-empirical method shows that some of the compounds 
may be potential candidates for high energy density materials (HEDMs), which can 
7 
be used as explosives and propellants. In our study, we have smdied the tri-s-triazine 
series by ab initio method and improved the energetic data by applying the G3(MP2) 
model. According to the substitution pattern, we have classified the 22 derivatives 
into three types. The first type includes the parent molecule tri-s-triazine (A) and 
eleven derivatives (Al, A2,..., All) with all the three substituents being the same R. 
The second type (consisting of CI, C2, ..., CI) is 2-R-5,8-dihydroxy-tri-s-triazine, 
where two of the substituent are fixed to be - O H and the remaining substituent is 
varied. The third type (including Dl, D2, D3，D4) is 2-azido-5,8-diR-tri-s-triazine, 
where one of the substituents is fixed to be —N3 and the remaining two substituents 
are varied. 
R 
Al-All A1:R = N H
2 
C2 A2:R = O H 
N 广 、 N 3 A3:R = N
3 
A4: R = N 0
2 
A5:R = C N 
Z
C 9 a
\ A6:R = F 
N9 N9b \ N 4 A7:R = C1 
A8:R = C H
3 
,C8、 ^ C 6 a /<^C5、 A9: R = C H = C H
2 
/ \ \ \ A10. R = C三CH 
R N7 N6 R 八上u. K L i n 
All:R = C H O 
R
 C1:R = H 
CI-C7 C 2 : R = N H
2 
^ c z C3:R = N
3 
N1 \ N 3 C4:R = N 0
2 
C5: R = C N 
Cf)- R = F 
C 8 \ 々 C 5 \ 





^ ： N3 D1:R = N H
2 
| I D2: R = N 0
2 
D3:R = F 
/
C 9 a
\ / 9 ¾ D4: R = C1 
N9 N9b N4 
R N7 N6 R 
8 
2.2 Methods of Calculation 
The calculations were carried out on various workstations with the Gaussian 
98, Gaussian 03 and Molpro packages of programs. "
5
 The structural parameters of 
all species were optimized at the MP2(Full)/6-31 G(d) level. The natural bond orbital 
(NBO) analysis was carried out at the same level based on the optimized 
geometries.
6
" The heats of formation were computed with the G3(MP2) method. 
2.3 Results and Discussion 
2.3.1 Property of Tri-s-triazine. In a previous work, the geometric and 





 For the reference molecule tri-s-triazine, the structural parameters optimized 
at this level were in good accord with that determined experimentally by Lancaster et 
al.
10
 In order to justify the computational method employed in this study, we need to 
compare our optimized geometry of tri-s-triazine with this experimentally 
determined geometry again. The geometry of tri-s-triazine optimized at the 
MP2(Full)/6-31G(d) level is presented in Figure 1. Since tri-s-triazine is of D3h 
symmetry, there are only three sets of non-equivalent C - N bonds. The first set 
includes N1—C2, C2—N3, N4-C5, C5-N6, N7-C8, and C8-N9, with a common 
bond length of 1.334 A. The second set, composed of Nl_C9a，N3_C3a, C3a_N4, 
N6-C6a, C6a-N7 and N9—C9a has a bond length 1.337 A. Finally, the set 
containing C3a—N9b, C6a_N9b, C9a_N9b has a bond length of 1.403 A. The 
experimental values for these three sets C - N bonds are 1.326 A, 1.336 A and 1.394 
A respectively. The lengths of peripheral C - N bonds, being intermediate between a 
normal C - N single bond (1.470 A) and a usual C = N double bond (1.280 A), suggest 
an extensive delocalization of n electrons over the whole molecule. These M P 2 
structural parameters are consistent with the experimental values as well as those 




 Such agreement illustrates the reliability of the 
theoretical method employed in this study. Similar results from the N B O analysis 
were also obtained. The Wiberg Bond Indexes (WBIs), summarized in Table 1, once 
again confirm the extensive conjugation over the rings.
7
 The WBIs of the N1-C2, 
C2-N3, N4-C5, C5-N6, N7-C8, and C8-N9 are 1.38, while those of Nl-C9a, 
N3-C3a, C3a-N4, N6-C6a, C6a-N7 and N9-C9a are 1.33 (the standard values of a 
single bond and a double bond are 1.0 and 2.0, respectively). It is noted that for all 
9 
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116.2 
119.5 > J (1.336) 
( 1 1 9 > c \ 
N 1.403\|\| \ N 
(1.394) 
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Figure 1. Optimized molecular structures for tri-s-triazine (A), along with their bond 
lengths (in A) and angles (in deg.). Experimental data are listed in parentheses. 
2.3.2 Substituent Effects on the Properties of the Tri-s-triazine Parent 
Molecule. In this section, we will discuss the substituent effects on various structural 
and electronic properties of tri-s-triazine. Substitution with selected electron-











, —C三CH and —CHO, was made on the 
parent molecule for investigation. In total, three types of derivatives were studied, 
namely, 2,5,8-triR-tri-s-triazine (denoted as Al to All), 2-R-5,8-dihydroxy-tri-s-
triazine (CI to C7) and 2-azido-5,8-diR-tri-s-triazine (D1 to D4), where R is any one 
the substituents mentioned above. 
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Figure 2. Optimized molecular structures for 22 tri-s-triazine derivatives, along with 
their bond lengths (in A) and angles (in deg.). 
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Table 1: The Wiberg Bond Indexes of the Bonds in the Rings for Tri-s-triazine 
(A) and Its 22 Derivatives 
A A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 All 
N1-C2 1.38 1.27 1.30 1.31 1.40 1.37 1.35 1.36 1.32 1.36 1.35 1.40 
C2-N3 1.38 1.27 1.31 1.31 1.40 1.37 1.35 1.36 1.38 1.30 1.35 1.34 
N4-C5 1.38 1.27 1.30 1.31 1.40 1.37 1.35 1.36 1.32 1.36 1.35 1.40 
C5-N6 1.38 1.27 1.31 1.31 1.40 1.37 1.35 1.36 1.38 1.30 1.35 1.34 
N7-C8 1.38 1.27 1.30 1.31 1.40 1.37 1.35 1.36 1.32 1.36 1.35 1.40 
C8-N9 1.38 1.27 1.31 1.31 1.40 1.37 1.35 1.36 1.38 1.30 1.35 1.34 
Nl-C9a 1.33 1.35 1.36 1.36 1.32 1.33 1.33 1.33 1.36 1.31 1.33 1.29 
N3-C3a 1.33 1.35 1.32 1.32 1.32 1.33 1.33 1.33 1.30 1.37 1.33 1.36 
N9-C9a 1.33 1.35 1.32 1.32 1.32 1.33 1.33 1.33 1.30 1.37 1.33 1.36 
N4-C3a 1.33 1.35 1.36 1.36 1.32 1.33 1.33 1.33 1.36 1.31 1.33 1.29 
N6-C6a 1.33 1.35 1.32 1.32 1.32 1.33 1.33 1.33 1.30 1.37 1.33 1.36 
N7-C6a 1.33 1.35 1.36 1.36 1.32 1.33 1.33 1.33 1.36 1.31 1.33 1.29 
C3a-N9b 1.03 1.02 1.01 1.01 1.03 1.03 1.02 1.02 1.02 1.02 1.02 1.03 
C6a-N9b 1.03 1.02 1.01 1.01 1.03 1.03 1.02 1.02 1.02 1.02 1.02 1.03 
C9a-N9b 1.03 1.02 1.01 1.01 1.03 1.03 1.02 1.02 1.02 1.02 1.02 1.03 
CI C2 C3 C4 C5 C6 C7 D1 D2 D3 D4 
N1-C2~~1.38 1.26 1.31 1.41 1.38 1.36 1.37 1.34 1.29 1.30 1.31 
C2-N3 1.38 1.26 1.32 1.41 1.38 1.36 1.37 1.31 1.28 1.29 1.29 
N4-C5 1.29 1.34 1.30 1.29 1.27 1.28 1.28 1.25 1.42 1.36 1.36 
C5-N6 1.32 1.29 1.31 1.31 1.33 1.32 1.32 1.28 1.39 1.36 1.37 
N7-C8 1.32 1.29 1.30 1.31 1.33 1.32 1.32 1.27 1.37 1.34 1.35 
C8-N9 1.29 1.34 1.31 1.29 1.27 1.28 1.28 1.25 1.44 1.37 1.38 
Nl-C9a 1.32 1.38 1.36 1.28 1.30 1.31 1.30 1.31 1.40 1.37 1.37 
N3-C3a 1.32 1.38 1.32 1.28 1.30 1.31 1.30 1.30 1.38 1.35 1.35 
N9-C9a 1.34 1.32 1.32 1.40 1.37 1.36 1.36 1.38 1.28 1.31 1.30 
N4-C3a 1.34 1.32 1.37 1.40 1.37 1.36 1.36 1.38 1.28 1.32 1.31 
N6-C6a 1.35 1.34 1.32 1.34 1.35 1.35 1.35 1.35 1.31 1.33 1.32 
N7-C6a 1.35 1.34 1.36 1.34 1.35 1.35 1.35 1.36 1.33 1.34 1.33 
C3a-N9b 1.03 1.00 1.01 1.02 1.03 1.02 1.02 1.01 1.02 1.02 1.02 
C6a-N9b 1.00 1.03 1.01 1.02 1.00 1.00 1.00 1.00 1.03 1.02 1.03 
C9a-N9b 1.03 1.00 1.01 1.02 1.03 1.02 1.02 1.01 1.01 1.01 1.01 
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Effects on Geometry The optimized molecular structures of 22 derivatives of 
tri-s-triazine are displayed in Figure 2. Obviously, the majority of A derivatives 
retain the D^h symmetry of parent A, with A2, A3, A8, A9 and A11 degenerate to Csh 
symmetry. All of the substituents are located on the plane of parent ring, with the 
NO2 (A4) and CH3 (A8) being the exceptions. The O - N - O plane of -NO2 group is 
always perpendicular to the parent ring in the N02-substituted derivatives A4, C4 
and D2. The substituent effect on the lengths of C_N bonds adjacent to the 
substituents is rather pronounced. For instance, the C2-N3 bond lengths (in A) are 
1.346 for Al, 1.335 for A2, 1.338 for A3, 1.323 for A4, 1.336 for A5, 1.323 for A6, 
1.331 for A7，1.335 for A8，1.348 for A9, 1.342 for A10, and 1.339 for All. In 
comparison, the same bond in parent A has a length of 1.334 A. It is clear that the 
C2-N3 bond lengths are increased by the substitution of electron-donating group 
such as -NH
2
, — O H and -N
3
. On the other hand, these bonds are shortened by 
electron-withdrawing groups such as -NO2 or halogens F and CI. In addition, 
substitution with a group containing a n bond such as -C=N, —CH=CH2，-C三CH and 
- C H O also increases the bond lengths of the C2-N3 bonds. 




symmetry. The substituent R exerts similar effect on the length of C - N bonds 
adjacent to R, as in the case of A derivatives. For instance, the C2-N3 bond lengths 
(in A) are 1.348 for C2, 1.337 for C3, 1.320 for C4, 1.335 for C5, 1.322 for C6 and 
1.328 for CI. 
N o w we consider the D derivatives, all of which have C
S
 symmetry. Once 
again, the electron-withdrawing groups shorten the C - N bonds adjacent to R. For 
instance, the C8-N7 bond, which is the longest C - N bond neighboring to R, 
decreases from 1.334 A for A to 1.325 to 1.332 A for D derivatives. Conversely, this 
bond increases its length in the presence of the electron-donating -NH
2
. It is noted 
that, the C2-N3 bond lengths further increase from 1.338 A for A3, to 1.343 A for 
D2, 1.342 人 for D3 and D4 respectively when - N 0
2
 groups or halogens are attached 
to the parent rings. 
Since all three six-membered rings are very rigid, substitution does not lead 
to much change in the (interior) bond angles, regardless of the electronic nature of 
the substituents. Indeed, the change of these bond angles is at most 3°. 
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Effects on Electronic Structure As shown in Figure 2, for all the derivatives, 
the peripheral C - N bond lengths range from 1.318 to 1.351 A. Such a range implies 
that these C - N bonds are all intermediate between a normal C - N single bond (1.470 
A) and a usual C = N double bond (1.280 A). Furthermore, the WBIs of all the 
peripheral C - N bonds, summarized in Table 1, are in the range of 1.26-1.44. Hence 
the extensive conjugation over the three parent rings is retained for all 22 derivatives. 
In the N B O analysis, the second-order perturbation stabilization energies 
A£(2) enable the study of the interaction between the substituents and the parent 
rings. The greater the AE、2) value, the stronger the interaction between the donor 
bonding orbital and the acceptor antibonding orbital. In Table 2, some selected 
stabilization energies are listed. It is noted that only the values greater than 10 kcal 
mol"
1
 are included here. These donor orbitals are either the lone pair orbitals on 




, —F，-CI groups, or the 
n bonding orbitals of -C三N, —CH=CH
2
, - C = C H groups. The acceptor orbitals are 
always the neighboring n* orbitals of the parent rings. From the values of AE(2)S in 





, —F, -CI groups, and n* orbitals in the parent rings, are 
rather strong. Such interactions also exist between the n bonding orbitals of -C三N, 
-CH=CH
2
, -C三CH groups and the 7i* orbitals in the parent rings, but they are much 
weaker. The -NO2 and - C H O groups do not have significant interaction with the 
parent rings at all. For a particular substituent, its interaction with the ring is similar 
for all three types of derivatives. The only exception is the - N H
2
 in C2. The lone 
pair interacts with a higher atomic orbital of carbon atom C2 instead of the n* 
orbitals in the parent ring. 
1 5 
Table 2: Selected Stabilization Interaction Energies AE(2) (kcal mol"
1
) between 
N B O s of Substituents and N B O s of Parent Rings for 22 Tri-s-triazine 
Derivatives 
Species Donor N B O (substituents) Acceptor N B O (parent rings) AE(2) 
Al LP(1)N BD*(2)N1-C2 96.23 
A2 LP(2) O BD*(2)N1-C2 65.78 
A3 LP(2) N BD*(2)N1-C2 98.07 
A5 BD(3) C-N BD*(2)N1-C2 17.66 
A6 LP(3) F BD*(2)N1-C2 40.66 
A7 LP⑶ CI BD*(2)N1-C2 32.70 
A9 BD(2) C-C BD*(2)N1-C2 29.84 
A10 BD(3) C-C BD*(2)N1-C2 25.72 
CI LP(2) O BD*(2) C5-N6 65.56 
C2 LP(1)N LP*(1) C2 147.25 
LP(2) O BD*(2) N4-C5 63.51 
C3 LP(2) N BD*(2) N3-C2 97.01 
LP(2) O BD*(2) C5-N6 66.05 
C4 LP(2) O BD*(2) C5-N6 68.78 
C5 BD(3) C-N BD*(2) N3-C2 16.44 
LP(2) O BD*(2) C5-N6 67.39 
C6 LP (3) F BD*(2) N3-C2 39.67 
LP(2) O BD*(2) C5-N6 66.63 
C7 LP(3) CI BD*(2) N3-C2 31.48 
LP(2) O BD*(2) C5-N6 66.45 
Dl LP(1)N BD*(2) N4-C5 100.73 
LP(2) N BD*(2)N1-C2 84.68 
D2 LP(1)N BD*(2)N1-C2 102.95 
D3 LP(1)N BD*(2)N1-C2 96.29 
LP(3) F BD*(2) N4-C5 40.40 
D4 LP(2) N BD*(2) N3-C2 102.55 
LP(3) CI BD*(2) C5-N6 32.29 
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Figure 3. The delocalized n occupied orbitals in tri-s-triazine and its 22 derivatives. 
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To visualize the subsituent effect on conjugation of the parent rings, the 
lowest delocalized 71 occupied orbital which is purely composed of 2pz of all carbon 
and nitrogen atoms of the rings, is plotted for each derivatives. These orbitals are 
displayed in Figure 3. It is seen that conjugation is retained on the whole in each 
derivative. The central nitrogen atom N9b participates in conjugation for all 
derivatives. Obviously, for those derivatives having relatively small M(
2
) values 
between the corresponding donor bonding orbitals on the substituents and the 7i* 
orbitals in the parent rings, there is very little participation by the substituents in the 
overall delocalization of n electrons. For instance, the 2pz orbital in -C三N and 
- C H = C H
2
 groups do not contribute to the lowest delocalized n occupied orbital. 
W e have also studied the electron distribution of the 22 tri-s-triazine 




 surfaces, as 
shown in Figure 4. In this figure, we adopt the following color-coding convention: 
the most negative potential is assigned to be blue, the most positive potential is 
assigned to be red, and the color spectrum is mapped to all other values by linear 
interpolation.
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 According to the M E P surfaces displayed in Figure 4, for the A 
derivatives, the negative spatial domains are extended to a small extent in the 
presence of an electron-donating group such as —NH
2
, — O H and -N
3
. This extension 
becomes even smaller for substituents - C H = C H
2
 and -C^CH. On the other hand, 
when an electron-withdrawing group, such as -C^N, - N 0 2 and - C H O , or a halogen 
is attached, the negative spatial domains around the ring will shrink, split or even 
vanish. For C and D derivatives, the counteracting effect of different substituents 
may complicate the M E P surfaces. In general, the negative domains adjacent to an 
electron-withdrawing group or halogen will always diminish. Those domains on the 





somewhat reinforced; examples of such cases include D2, D3 and D4. 
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Figure 4. The M E P surfaces for tri-s-triazine and its 22 derivatives. The most 
negative potential is assigned to be blue, the most positive potential is assigned to be 
red, and the color spectrum is mapped to all other values by linear interpolation. 
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Figure 4. (Continued). 
2.3.3 Heats of Formation of Derivatives of Tri-s-triazine, The A//f value of 
a derivative of tri-s-triazine is indicative of its "energy content" as a H E D M . Table 3 
lists the total energies at 0 K (Eo) and enthalpies at 298 K (//29s) for tri-s-triazine and 
its derivatives calculated at the G3(MP2) level. The G3(MP2) heats of formation at 
0 K (AHfo) and 298 K (AHf29s) are also presented. The AHf values are calculated 
1 z: 1 0
 # # 
from Eo and H观 using the so-called atomization scheme. “ Since tri-s-triazine and 
its derivatives are either not successfully synthesized, or have no experimentally 
determined energetic data, we cannot compare our calculated results with 
experiment. However, in one of our previous work, the G3(MP2) model was 
successfully applied for the calculations of the MIf values for the azine series.
19
 In 
this work, the agreement between theory and available experimental data was very 
good. Therefore we are confident that the G3(MP2) A//f values for tri-s-triazine and 
its derivatives are reliable estimates. 
For parent A, the Ai/fo and A/fc
98
 are 553.8 and 530.3 kJ mol"
1
 respectively. 
These values are about twice of the IsHfm value of s-triazine, for which the 
experimental and G3(MP2) A/fe
98
 are 226±1 kJ mol"
1 2 0
 and 231.0 226±1 kJ mol"
1 19
, 
respectively. Examining Table 3, it is seen that substitution with a group containing a 




，一C三CH usually yields a higher AHf value 
among the A derivatives. It is noted that, those derivatives with subsituents 
containing more unsaturated carbon or nitrogen atoms always have the largest heats 
of formation. For instance, A3 (R = N
3
), A10 (R = C三CH) and A5 (R = C三N) are 
the three compounds having the largest AHf values among the A derivatives. They 
all have AHnn higher than 1,000 kJ mol"
1
. On the other hand, substitution by groups 
with electronegative atoms (and no n bonds) such as —NH2, - O H and halogens tend 
to decrease the A//
f
 values. For A2 (R = OH) and A6 (R = F), the of them are 
even negative. The observed trend is in qualitative agreement with the results 
2 0 
obtained with the semi-empirical model AMI.
1 
Comparing the three types of derivatives, the C compounds have the smallest 
AHf values. This is not unexpected since C derivatives have two - O H groups which, 
as mentioned previously, tend to suppress the AHf values. On the other hand, the D 
derivatives have relatively large AHf values. Since all D derivatives have the n 
bonding functional group —N3, their AHf values tend to be large. 




)，Standard Heats of 
Formation at 0 K (AHro) and 298 K (AH^h) of Tri-s-triazine and Its Derivatives
8 
Species EQ (Hartree) H
2





A -612.83429 -612.82538 553.8 530.3 
A1 -778.77032 -778.75669 369.5 333.0 
A2 -838.35144 -838.33959 -144.2 -171.3 
A3 -1103.07092 -1103.05395 1477.0 1448.6 
A4 -1225.67078 -1225.65313 625.6 602.0 
A5 -889.18451 -889.16985 1056.9 1046.2 
A6 -910.35797 -910.34694 -141.3 -159.2 
A7 -1990.32300 -1990.31040 441.8 427.1 
A8 -730.57703 -730.56223 403.0 367.8 
A9 -844.64746 -844.63115 692.5 659.1 
A10 -840.91730 -840.90195 1284.5 1273.8 
All -952.37579 -952.36007 266.2 247.2 
CI -763.17883 -763.16798 89.1 63.1 
C2 -818.49188 -818.47954 24.9 -5.6 
C3 -926.59125 -926.57770 396.3 368.7 
C4 -967.46057 -967.44683 105.4 79.3 
C5 -855.29785 -855.28508 250.8 229.1 
C6 -862.35303 -862.34138 -141.7 -165.5 
C7 -1222.34229 -1222.33019 50.3 27.3 
D1 -886.87195 -886.85732 734.9 700.8 
D2 -1184.80701 -1184.78962 901.9 876.6 
D3 -974.59369 -974.58054 403.2 382.2 
D4 -1694.57251 -1694.55845 786.3 767.1 
a
 The G3(MP2) results are corrected with HF/6-31G(d) frequencies scaled by 0.8929. 
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2.4 Conclusion 
A theoretical study has been carried out for tri-s-triazine and its 22 
derivatives (2,5,8-triR-tri-s-triazine, 2-R-5,8-dihydroxy-tri-s-triazine and 2-azido-
5,8-diR-tri-s-triazine, R = N H
2








, C = C H and 
C H O ) at the MP2(Full)/6-31G(d) level of theory. In addition, applying the G3(MP2) 
model, the heats of formation (A7/f) at 0 K and 298 K for these molecules are 
successfully determined. Based on the geometry optimized at the MP2(Full)/6-
31G(d) level, it is essentially certain that the tri-s-triazine parent rings preserve a 
rigid planar structure and extensive conjugation in all the derivatives. Various types 
of substituents will lead to change in geometries and electronic structures. Though 
no experimental heats of formation is available comparison, our calculated results are 
in qualitative accord with those obtained semi-empirically and they should be 
reliable estimates. Also, those derivatives with large heats of formation should be 
compounds of high energy content. 
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Chapter 3 
A Gaussian-3 Study of the Dissociative Photoionization of Acetone 
Abstract 
W e have carried out Gaussian-3 (G3) calculations on the energetics of the 
dissociative photoionization of acetone. Combining the G3 results with the 





















+ at the photon energy range ot 
8-20 eV, we have established the dissociation channels of acetone near the ionization 
threshold. Among all the dissociation channels, our calculated energetic results are 
in fair to excellent agreement with the experimental results. 
3.1 Introduction 
As a common organic reagent, acetone is consumed in the manufacturing of 
methyl methacrylate and bisphenol A in industry. It is also extensively used as 
solvent. The photoionization and accompanied dissociative properties of acetone 




Hurzeler et al. studied the ionization of acetone using a capillary discharge in 
hydrogen.
1
 He reported the ionization energy (IE) of acetone and the A E of fragment 




), while Edmond et al. further analyzed the dissociation 




 Trott and co-workers also studied the 
analogous process of acetone as well as acetone-^ using a capillary discharge.
5 









 reported the IE of acetone and A E of the fragment ion 




) as well. The A E value of CH
3
CO+ reported by Trott and co-
workers is fractionally higher than those of others. It is noted that no AEs of other 
fragment ions have been reported using the method of photoionization. 
Consequently, no other channels have been studied. Powis et al. obtained the A E of 




) and m/z = 15 (CH
3
+) and analyzed the kinetic 
energy release in their results.
7
 Still, they only reported the main ions and did not 
analyze the channels. Recently, our collaborators at the University of Science and 
Technology of China have investigated the photoionization of acetone in the photon 
2 5 
energy region of 8-20 eV.
8



































+. Their AEs were measured. In this work, we used the Gaussian-3 (G3) 
method to examine the structures and energetics of the photodissociation products of 
acetone. Based on the good agreements between the experimental reaction barriers 














CO+ and C H
3
C O C H
2
+
 are established. 
3.2 Methods of Calculation 
All calculations were carried out using the Gaussian03 packages of program.
9 
The computational model we employed was the aforementioned G3 level of theory. 
3.3 Results and Discussion 







































+, measured by our collaborators,
8
 for 
the photoionization and dissociative photoionization of acetone, are listed in Table 1. 
The structural formulas of the polyatomic species (with more than three atoms) 
involved in this work, along with their symmetry point groups and electronic states, 
are displayed in Figure 1. The calculated G3 energies of various species involved in 
the dissociations of acetone cation are summarized in Table 2. With the aid of these 
results, we have established the dissociation channels of the acetone cation. 
Table 1: Appearance Energies (eV) Measured in the Dissociative 
Photoionizations of Acetone 






























 15.63 士 0.04 57 C H
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 13.10 士 0.03 
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(G3) values o f C H
3
C O C H
3
 and C H
3
C O C H
3
+ #
, the IE of acetone is 
calculated to be 9.74 eV. Considering that the error range of G3 results should be 
less than 士0.15 eV, this calculated value is in good accord with the experimental 
result, 9.69 士 0.02 eV. 
Table 2: The G3 Energies and 丑
298
 (in hartrees) of Various Species Involved 
in the Dissociations of Acetone Cation 
Species Eo //298 Species EQ //
298 
acetone -192.99441 -192.98807 TS(1—16) -192.51902 -192.51283 
1 -192.63692 -192.63027 TS(11—16) -192.51899 -192.51259 
TS(l->2) -192.61563 -192.60862 TS(15->18) -192.47878 -192.47294 
2 -192.61520 -192.60670 18 -192.56644 -192.56072 
TS(2->4) -192.60647 -192.59950 TS(18—19) -192.56755 -192.56194 
TS(1—5) -192.57865 -192.57283 19 -192.64918 -192.64311 
5 -192.65041 -192.64424 TS(19->20) -192.53150 -192.52553 
TS(5->6) -192.56924 -192.56352 20 -192.57931 -192.57218 
6 -192.60481 -192.59860 TS(20—21) -192.57965 -192.57323 
TS(6->7) -192.54912 -192.54275 21 -192.58067 -192.57296 
7 -192.61409 -192.60787 3a -152.81695 -152.81240 
TS(7—8) -192.52716 -192.52149 3b -39.79144 -39.78733 
8 -192.57100 -192.56528 3c -152.75129 -152.74657 
TS(8->9) -192.55651 -192.55068 TS(3a—3c) -152.65921 -152.65452 
9 -192.54555 -192.53941 4a -152.15284 -152.14833 
TS(5^11) -192.62437 -192.61838 4b -40.45548 -40.45167 
11 -192.65195 -192.64584 4c -0.50100 -0.50100 
TS(11—12) -192.48272 -192.47498 10 -152.72746 -152.72326 
12 -192.56283 -192.55482 TS(10-^3a) -152.64445 -152.63962 
TS(6->13) -192.60479 -192.59928 14a -39.42928 -39.42548 
13 -192.60675 -192.60057 14b -113.26765 -113.26388 
TS(13~>3，） -192.53915 -192.5321 16a -192.03628 -192.03058 
TS(5->3) -192.46830 -192.46101 22a -116.17208 -116.16684 
TS(11—15) -192.56121 -192.55538 22b -76.38180 -76.37802 
15 -192.57106 -192.56527 TS(22a->23) -116.09228 -116.08638 
TS(15—16) -192.51493 -192.50889 23 -116.09317 -116.08604 
TS(1->17) -192.537 -192.53092 24 -115.58993 -115.58495 
17 -192.53951 -192.53131 
2 7 
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Figure 1. Structural formulas of the various polyatomic species (with more than 
three atoms) involved in this work, along with their symmetry point groups and 
electronic states. 
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Table 3: Experimental and Calculated (G3) Energies (eV) of the Dissociations of 
the Acetone Cation 
G3 reaction 













- 0.80 ±0.02 0.83 

















 0.84 士 0.02 0.84 
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0 + H. 4.82 ±0.03 4.94
a 
a
 This value is calculated at the CCSD(T)/G3 large level without including 
ZPVE correction (see text for details). 
3 0 
3.3.1 Formation of m/z = 42 (CH2CO+.)，43 (CH3CO+) Ions. Due to its lack 
of y-H, acetone undergoes a Norrish I dissociation. In fact, such a channel is typical 
of ketones with a methyl group connected to the carbonyl and it is always the major 
one, especially in the case of acetone. Cations CH3CO+ and CH2CO
+
* may be 




C O C H
3
+






































C O C H
3













) = 5.28 士 0.04 eV 
In the above mathematical expressions involving AEs, we use our 
experimental IE and AEs. The dissociation energies, along with those calculated by 
the G3 method (using the results given in Table 2), are tabulated in Table 3 for easy 
comparison. 
The energy profiles of these three reactions are displayed in Figure 2. It is 
seen that there is a transition structure (TS), TS(l->2), for both reactions. In this TS, 
the length of the C-C bond that is about to be cleaved is about 2.27 A. The G3 




+. (1), while 
the energy of the dissociated products 3a and 3b (calculated from results listed in 
Table 2) is 0.83 eV higher than that of 1. In other words, this TS has an energy 
lower than that of its products. Nevertheless, reaction (la) can still be described as a 
dissociation mediated by ion-neutral complex (INC). In this type of reactions, the 
INC involved is not necessarily a local minimum on the potential surface. It is said 





 The term -TS (at 298 K) of 2 relative to TS(l->2) calculated at 
MP2(Full)/6-31G(d) level is -0.09 eV. Therefore, ion-radical complex (IRC) 2, like 
other INCs in numerous reactions, can be accepted as an intermediate and capable of 
undergoing subsequent reactions, such as reaction (2a) in which hydrogen abstraction 
via TS(2—4) takes place (to be discussed below). In any event, the G3 dissociation 
3 1 
energy for reaction (la) is 0.83 eV, in very good agreement with the experimental 
result, 0.80 士 0.02 eV. 




 and C H
4
 in reaction (2a), parent ion 1 first undergoes a 
process of C - C bond cleavage via TS(l->2) to form IRC 2 (structure shown in 
Figure 1). Then IRC 2 undergoes a methyl migration followed by a hydrogen 




 (4a) and C H
4
 (4b) via TS(2—4). The calculated 
barrier of reaction (2a) is 0.84 eV, in excellence agreement with the experimental 
dissociation energy, 0.84 士 0.02 eV. 
For ion with m/z = 42，another onset was observed at 14.97 士 0.04 eV. This 
requires another dissociation channel that would produce ion 4a. Our G3 results 
suggest a pathway in which 4a is formed via loss of a hydrogen atom from 3a, 
involving no TS. This pathway is summarized in Figure 2. The G3 dissociation 
energy is found to be 5.27 eV, also in excellent agreement with the experimental 
value of5.28±0.04 eV. 
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Figure 2. The G3 potential energy surface showing the possible mechanism for 
reaction (la) C H
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3.3.2 Formation of m/z = 43 (c-CH2CHO+) and m/z = 15 (CH3+) Ions. The 
dissociation channels described above are rather simple involving no rearrangement. 
3 2 
However, another onset also observed at m/z 二 43 requires a more complex 
dissociation channel. 
A£
lb C H 3 C O C H 3 + . ~ • C-CH 2 CHO + + CH3" ( l b ) 
A^ib = A E ( C - C H 2 C H O + ) - I E ( C H 3 C O C H 3 ) = 3 .13 士 0 . 03 e V 
Computational results suggest a pathway in which a cyclic CH2CHO+ ion 10, 
an isomer of 3a, is produced in reaction (lb). The energy profile of this reaction is 
shown in Figure 3. In this profile, parent ion 1 undergoes a series of rearrangements 
which deserve a fuller description. Firstly, ion 1 undergoes a hydrogen atom transfer 
from a methyl group to the carbonyl oxygen via TS(l->5). The G3 barrier for this 
step is 1.56 eV. This process produces ion 5 which is more stable than its parent ion 
1 by 0.38 eV. Subsequently, ion 5 undergoes a methyl group transfer from the 
carbonyl carbon to the radical center via TS(5^6), which is 1.82 eV higher than 1 in 
energy, to produce 6, which is less stable than 1 by 0.86 eV. Afterwards, ion 6 
undergoes a hydrogen atom shift from oxygen to the carbonyl carbon via TS(6—7). 
This TS is rather high in energy and it is 2.38 eV above 1. The intermediate formed 
is essentially a propanal radical cation 7, which is less stable than 1 
thermodynamically. The last rearrangement in this pathway takes place via 
TS(7—8). This TS involves simultaneous methyl group transfer to the carbonyl 
center and a cyclization step forming an epoxide-like framework. It is worthy to note 
that in TS(7^8), the positive charge is localized on the sp2 carbon according to our 
computational results. Therefore the methyl group shift is actually a carbanion CH
3
" 
transfer. On the other hand, the unpaired electron is localized on oxygen. So the 
cyclization process can be described as an intramolecular hydroxyl radical attack at 
the cationic carbon. More importantly, the CH
3
" carbanion transfer is almost 
complete when the energy is at maximum on the potential energy surface. As shown 
in Figure 1, the newly formed C-C bond is as short as 1.57 A, in the range of 
ordinary C-C single bond length. The energy of T S ( 7 - ^ 8 ) is the highest among the 
four rearrangement TSs; it is 2.96 eV above 1 in energy. 
After these rearrangements, the radical cation of propylene oxide, species 8, 
is produced. To yield product ion 10, ion 8 undergoes a methyl group loss via 
TS(8—9). Similar to the C-C bond cleavage in reaction (la), this process is also 
mediated by IRC 9，which is a complex formed by ion 10 and methyl radical 3b. 
This complex is again energetically higher than the TS producing it; the G3 energy 
3 3 
of IRC 9 is 0.30 eV higher than TS(8->9). Dissociation of IRC 9 releases ion 10 and 
radical 3b as final dissociation products. These products are highest in energy along 
the whole pathway and their total energy is 3.26 eV above parent ion 1. This value is 
taken as the G3 dissociation energy and it is in good accord with the experimental 
value of3.13± 0.03 eV. 
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Three alternative pathways for the formation of m/z = 43 fragment ions are 
shown in Figure 4. One of the pathways shown in this figure is: 1 — TS(1—5) — 5 
XS(5->11) — 11 — TS(11->12) — 12 — 3c + 3b. In this pathway, once 5 is 
formed, it undergoes a C - 0 n bond rotation via TS(5->11). From the structure of 
TS(5—11) shown in Figure 6，it can be seen that the C - 0 bond is slightly 
lengthened from 1.29 in 5 to 1.31 A. This Tc-bond rotation has a barrier of 0.70 eV 
and this process yields ion 11. Then 11 has its H
3
C-C bond cleaved via TS(11—12) 
to yield IRC 12, which dissociates to produce protonated ketene 3c and methyl 
radical 3b. The step involving TS(11—12) entails a large barrier of 4.23 eV, which 
is much larger than the experimental result of 3.13 士 0.03 eV. Hence this pathway 
3 4 
may be safely ignored. Another pathway which also produces 3c shown in Figure 4 
involves intermediate 6. Once 6 is formed, it isomerizes to 13 via TS(6—13). The 
G3 energy barrier for this C - C O bond rotation is quite small. Ion 13 can then cleave 
the H
3
C - C bond via TS(13—3,) to produce again 3b and 3c. In this pathway, the 
final step is rate-determining, with a barrier of 2.67 eV. While this barrier is smaller 
than the overall barrier of the preferred pathway shown in Figure 3，we are of the 
opinion that, once intermediate 6 is formed, it is more likely to go through TS(6—>7) 
(with a barrier of 2.38 eV, shown in Figure 3) than TS(6—13) — 13 — TS(13—3,) 
(barrier being 2.67 eV). Still, with a relatively small barrier difference of 0.29 eV, 
the formation of protonated ketene 3c cannot be entirely ruled out. N o w we discuss 
the final pathway shown in Figure 4 which also produces cation 3a and methyl 
radical 3b. In this pathway, once intermediate 5 is formed, its H
2
C group breaks 
away from the carbonyl carbon and at the same time abstracts the hydrogen of the 
C = 0
+
- H group via TS(5—3) to produce 3a and 3b. The overall barrier of this 
mechanism is so high (4.61 eV) that it is not likely to be of importance as far as 
producing m/z = 43 fragment ions is concerned. However, cation 3a can cleave its 
C-C bond to yield CH
3
+ (14a) and C O (14b). The overall barrier of this process is 
4.61 eV, in fair agreement with the experimental result of 4.72 士 0.04 eV. In other 
words, the generation m/z = 15 fragment ions CH
3
+






C O C H
3
+
- ~ • CH
3











) = 4.72 士 0.04 eV 
To make the story complete, we have also investigated the possibility of 
producing 3c by the isomerization of cation 10 or by the isomerization of 3a. The 
G3 results of these processes are displayed in Figure 5. As shown there, we did 
locate a TS, TS(3a—3c) and its barrier of 5.13 eV. On the other hand, we were not 
successful in finding the TS for 10 — 3c. Instead, we located a TS for the 
transformation of 10 3a. This TS, called TS(10->3a), involves simultaneous 
ring-opening and hydrogen shift and this barrier is 5.53 eV. In other words, to effect 
10 — 3c, we need to go by way of 3a. Still, the barriers for 10 —> 3a and 3a — 3c 
are much higher than the experimental A E of m/z = 43 ions, 3.13 士 0.03 eV. Hence 
the processes shown in Figure 5 are merely of academic interest and they are not 
likely to take place in the photodissociation experiment. 
3 5 
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Figure 4. The G3 potential energy surface showing the possible mechanism for the 
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Figure 5. The G3 potential energy surface showing the possible mechanism for the 
isomerization reactions of m/z = 43 fragment ions. 
3 6 
3.3.3 Formation of m/z = 57 (CH3COCH2+) Ions. Intuitively, one may think 
that reaction (4), shown below, is a simple bond cleavage process. However, our 
calculations suggest a slightly more complicated mechanism, which is summarized 
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) = 3.41 士 0.03 eV 
As described in Figure 4, ion 1 can undergo a series of isomerization steps to 
form intermediate 11 (this portion of the pathway is also displayed in Figure 6). Ion 
11 can cyclize to form ion 15 with an epoxide-like framework via TS(11—>15). The 
G3 energy ofTS(ll-^15) is higher than 1 by 2.04 eV. It is worth noting that ion 15, 
being 1.77 eV above 1 in energy, is a cyclic distonic ion with a positive charge on 
oxygen and an unpaired electron on the carbon atom which is originally the carbonyl 
carbon. Finally, ion 15 dissociates into cyclic C H
3
C O C H
2
+
 (16a) and hydrogen atom 
(4c) via TS(15->16), which is 3.30 eV above parent ion 1. This value is taken as the 
G3 dissociation energy. 
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Referring to Figure 6, in addition to the proposed pathway 1 —> T S ( 1 — 5 ) — 
5 — TS(5—11) 11 — TS(11—15) — 15 — TS(15->16) — 16a + 4c discussed 
above, there are three alternative pathways that may also lead to the formation of m/z 
=57 fragment ions. Two of them are direct C - H bond breaking processes. The TSs, 
namely TS(1-^17) and TS(1—>16), are very similar; both involve simultaneous C - H 
bond breaking and ring closure. The respective barriers for these two pathways are 
2.70 and 3.20 eV. Since these barriers are larger than that for TS(1—5) (1.56 eV), 
reactant 1 is unlikely to go through TS(1—17) or TS(1—16); it should go through 
TS(1—>5) instead. As shown in Figure 6, the last alternative pathway is: 1 — 
TS(l->5) — 5 — TS(5—11) -> 11 TS(11->16) — 16a + 4c, with a barrier of 
3.20 eV. 
Even though this barrier is slightly lower than that of our suggested pathway 
(3.30 eV) discussed in the previous paragraph, we do not think this is the preferred 
pathway. This is because, once intermediate 11 is formed, it is likely to go through 
TS(11—15) (with barrier 2.04 eV) than TS(11->15) (with barrier 3.20 eV). To 
summarize, the formation of m/z = 57 fragment ions (16a) and H has a G3 barrier of 
3.30 eV, which is in good agreement with experimental value of 3.41 土 0.03 eV. 
Finally, in passing, all three discarded pathways involve concomitant cyclization and 
C - H (or O-H) bond breaking at TS(1—17), TS(1-^16) or TS(11->16). On the 
other hand, in the preferred process, cyclization takes place at TS(11—15) before the 
breaking of the O - H bond at TS(15->16). 
3.3.4 Formation of m/z = 39 (C3H3+) Ions. The following dissociation 
reaction yields cation C3H3 : 
AE
5 
C H 3 C O C H 3
+ - ~ • C3H3












) = 4.82 士 0.03 eV 
The results of our calculations suggest that reaction (5) is branched from 





+ (24), ion 15, which is one of the intermediates in reaction (4)， 
undergoes a series of isomerization steps before elimination of water and hydrogen 
abstraction. Firstly, ion 15 rearranges to yield ion 18 via TS(15—18). This process 
is a hydrogen shift and requires a large amount of energy, since TS(15—18) is 4.28 
eV above parent ion 1. Ions 18 and 15 have comparable stabilities. Subsequently, 
ion 18 has its three-membered ring opened via TS(18—19). The G3 energy of 
3 8 
TS(18—19) is lower than that of 18 by 0.03 eV, as the energy barrier involved is 
likely to be very low that it is within the error bar of the G3 method. Ion 19 has a Cs 
symmetry and extensive n electron delocalization. Hence it is very stable. Ion 19 
then undergoes H atom transfer via TS(19-^20) to form 20, where the short C - C 
bond has considerable triple bond character, and the C-C-C bond angle (156.1°) is 
exceedingly large. Ion 20 then undergoes a facile dissociation of water molecule via 
TS(20—>21) to form INC 21, which subsequently dissociate the water molecule 
completely to yield H C C C H
3
+ #
 (22a) and H
2
0 (22b). Cation 22a then undergoes a 
couple of very facile process to yield the final product H C C C H
2
+
 (24) and the other 
products H* (4c) and H
2
0 (22b). The overall G3 dissociation energy for this rather 
complex dissociation channel is 4.53 eV, in only fair agreement with the 
experimental result of 4.82 士 0.03 eV. 
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Figure 7. The G3 potential energy surface showing the possible mechanism for 
reaction (5) C H
3











. The energy sum of 24, 4c and 22b is 
calculated at the CCSD(T)/G3large level (see text). 
In view of this relatively poor agreement between the G3 and experimental 
dissociation energies, we also carried out CCSD(T) calculations employing the 6-
3 lG(d) and G3large basis set for this dissociation energy. When no ZPVE correction 
3 9 
is taken account, the CCSD(T)/6-31G(d) and CCSD(T)/G3large dissociation energies 
are 5.18 and 4.94 eV, respectively. After the inclusion of ZPVE corrections, the 
dissociation energies become 4.68 and 4.44 eV, respectively. So, this proposed 
dissociation channel has some computational support. 
Before closing, it should be mentioned that the channels of reactions (la) and 
(2a) have been studied theoretically with the MP2(Full) method using a number of 
1) • 
basis sets by Anand and Schlegel. In addition, these same two reactions have also 
• • • . 13 
been studied by Lin et al. using the Gaussian-2 method. 
3.4 Conclusion 
The energetics for the dissociative photoionizations of acetone has been 
studied by the G3 method. Combining these results with the experimental 
photoionization mass spectra of various fragments obtained by our collaborators, we 















+. The agreements between the 
G3 and experimental results range from fair to excellent. 
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Chapter 4 
A G3(MP2) Study of the C3H60+* Isomers Fragmented from 1,4-
Dioxane+* 
Abstract 
The fragmentation process of ionized 1,4-dioxane and the reactions between 
C3H60
+ #
 ions, one of the major fragments, with various reactants (including 
acetonitrile, formaldehyde, ethylene and propene) have been studied experimentally 
with mass spectrometry. In the present work, G3(MP2) calculations were carried out 
to investigate these processes theoretically. In agreement with experiment, isomers 
C H 3 O C H C H 2 + # (1) and •CI^CItOCH/ (2) were found to be the C 3 H 6 0
+ #
 ions 
fragmented from ionized 1,4-dioxane, with 2 being the major product. The 
mechanisms of the formation of 1 and 2 were successfully established. In addition, 
the characteristic reactivities as well as the corresponding reaction mechanisms of 
both isomers were rationalized with the aid of calculations. Finally, a minor reaction 
between isomer 2 and propene was identified and the presence of the product of this 
reaction was found to be useful in explaining the aforementioned mass spectrometric 
data. 
4.1 Introduction 











 These radical cations, in numerous isomeric 
forms, appear in the mass spectra of many organic compounds, such as 1,4-dioxane 






 ionic systems 
participate in a wide range of rearrangement and dissociative processes.
7







 family, distonic ions deserve special attention, since unique properties arise 












 In many of these experiments, this radical cation was generated by the 
13 15 










 had been assumed to be the sole component of 
4 2 
the m/z 58 ions fragmented from 1,4-dioxane
+#
, until its fragmentation pattern was 
revisited by Thissen et al. In their work, results of ion-molecule reactions between 
C3H6O * fragments with selected reactants, including acetonitrile, formaldehyde, 
propene and labeled ethylene, show that the m/z 58 ions fragmented from 1,4-
dioxane
+#
 composed of both CH3OCHCH2+# (1) and •CH2CH2OCH2+ (2). In 
contrary to previous assumptions, isomer 1 constitutes about 7 % of the C3H60
+ # 
radical cations formed, playing the role of a minor component. 
In this work, we used the G3(MP2) method, which was successfully 
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investigate the pathways of the reactions involved in the study by Thissen et al. It 
is hoped that our results will make clear the respective reactivities of isomers 1 and 
2. More importantly, the computational results will help to establish the mechanism 
for the formation of the minor component 1. 
4.2 Methods of Calculation 
All calculations reported here were carried out using the Gaussian98 and 
Gaussian03 packages of programs
22
. The G3(MP2) level of theory was applied to 
obtain the energies of the molecular species studied in this work. In this theory, prior 





 To determine the energy E
E
 of a structure, two single-point 
calculations at the levels of QCISD(T)/6-31 G(d) and MP2/G3MP21arge are carried 
out. In addition, empirical higher-level correction (HLC) and zero-point vibrational 
energy (ZPVE) correction are also applied. The B3LYP/6-31++G(d) vibrational 





ZPVE). Since all structures have been optimized at the B3LYP/6-31++G(d) level， 
instead of the conventional MP2(Full)/6-31 G(d), the energetic results are better 
denoted as G3(MP2)//B3LYP. However, for simplicity, they are called as G3(MP2) 
in the following discussions. For the systems studied in this work, the error bar of 






All stable structures were confirmed by their harmonic vibrational 
calculations yielding no imaginary frequency, while each transition structure (TS) 
was established by its one and only imaginary frequency. For most of the TSs, the 
"reactants(s)" and "product(s)" were confirmed by intrinsic reaction coordinate 
4 3 
(IRC) calculations. ‘ In case of IRC failure, such as IRC calculations for certain 
rotational TSs, the TS was judicially modified according to the transition vector and 
then its "reactants(s)" and "product(s)" were obtained by following the downward 
，Q 
paths from the TS. Additionally, natural bond orbital (NBO) analysis was carried 
out at the B3LYP/6-31++G(d) level in order to discuss the bonding in certain 
molecular species. 
4.3 Results and Discussion 
The structures of intermediates and TSs involved in these reactions are 
displayed in Figure 1. The respective G3(MP2) potential energy surfaces (PESs) for 
the reactions are shown in Figures 2-13. Throughout this paper, bond lengths are 
given in angstroms and bond angles are in degrees. The calculated G3(MP2) 
energies (Eo) and enthalpies at 298 K (//298) of all species are listed in Table 1. 
4.3.1 Formation of C3H6O— Isomers 1 and 2 via Fragmentation of 1,4-














O C H 2
+
 (2) + C H
2
0 (1) 
C4H802+# (3) — CH3OCHCH2+# (1) + CH2O (2) 
There are three possible pathways for reaction (1) and their G3(MP2) profiles are 
shown in Figures 2 and 3, while that of reaction (2) is displayed in Figure 4. The 
calculated ionization energy of 1,4-dioxane is 9.11 eV, in fairly good agreement with 






 As seen in 
Figure 2, ionized 1,4-dioxane (3) has a calculated barrier of 135.1 kJ mol"
1
 for ring 
opening, via homolytic C-C bond cleavage transition structure, TS(3-^4a). 
Afterwards, intermediate 4a cyclizes again to a five-membered ring species 5 via 
TS(4a—5). While IRC calculations confirm that TS(4a-^5) links species 4a and 5, 
G3(MP2) calculations of these species show that the TS lies below ion 4a in energy. 
[At the level employed for geometry optimization, B3LYP/6-31++G(d), TS(4a->5) 
lies above 4a and 5 by 15.4 and 2.6 kJ mol"
1
, respectively.] Then dioxolane-like ion 
5 undergoes ring opening via TS(5—6a) to yield ion molecule complex (IMC) 6a. It 




 bond is 




 bond. It is seen that 6a is 
comprised of ion 2 and formaldehyde, and the interaction between them is purely 
electrostatic, according to N B O analysis. 
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Figure 1. Structural formulas of the various molecular species involved in this work, 
along with their symmetry point groups and electronic states. 
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Figure 1. (Continued). 
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Table 1: The G3(MP2) Energies E0 and H29H (both in hartrees) of Various 
Species Involved in the Fragmentation Reaction of l,4-Dioxane
+
* and the 
Reactions between C3H60
+ #
 Fragment Ions with Selected Reactants 
Species EQ H298 Species EQ //298 
1 -192.47801 -192.47175 TS(13->14) -325.00385 -324.99182 
2 -192.44453 -192.43762 14 -325.03638 -325.02330 
1,4-dioxane -307.18951 -307.18322 15 -210.66647 -210.65819 
3 -306.85483 -306.84845 TS(6b—16a) -306.81897 -306.80929 
TS(3->4a) -306.80423 -306.79698 16a -306.82272 -306.81313 
4a -306.80939 -306.80106 TS(16a—16b) -306.82153 -306.81277 
TS(4a->5) -306.81662 -306.80919 16b -306.82220 -306.81260 
5 -306.81870 -306.81108 TS(16b->17) -306.82016 -306.81240 
TS(5->6a) -306.79498 -306.78780 17 -306.83945 -306.83247 
6a -306.82166 -306.81143 TS(17—18) -306.82956 -306.82272 
formaldehyde -114.35347 -114.34965 18a -306.33911 -306.33285 
TS(4a—4b) -306.79407 -306.78627 hydrogen -0.50184 -0.50184 
4b -306.79810 -306.78947 TS(6a->6a) -306.80319 -306.79257 
TS(4b—7) -306.78586 -306.77661 19 -421.17639 -421.15970 
7 -306.80417 -306.79230 TS(19->19) -421.17444 -421.15866 
4c -306.81049 -306.80219 ethylene -78.43439 -78.43037 
TS(4c->8) -306.78119 -306.77211 20 -270.92242 -270.91198 
8 -306.81946 -306.80829 TS(20—21) -270.92233 -270.91288 
TS(6a->6b) -306.82092 -306.81146 21 -270.93793 -270.92878 
6b -306.82144 -306.81116 TS(21-^21) -270.92407 -270.91609 
TS(6b->9) -306.76065 -306.75035 22 -270.88629 -270.87412 
9 -306.85132 -306.84059 23 -156.52110 -156.51352 
TS(2->1) -192.38486 -192.37910 propene -117.67204 -117.66694 
TS(4a—10) -306.75378 -306.74573 24 -310.17795 -310.16701 
10 -306.84796 -306.83755 TS(24—25) -310.17908 -310.16869 
acetonitrile -132.54642 -132.54181 25 -310.18109 -310.17081 
11 -325.04669 -325.03517 TS(25—26) -310.16806 -310.15868 
TS(11—12) -325.01236 -325.00240 26 -310.17749 -310.16683 
12 -325.02438 -325.01435 TS(26-^27) -310.16617 -310.15545 
13 -325.01874 -325.00659 27a -231.73134 -231.72352 
5 0 
Table 1: (Continued) 
Species EQ //298 Species EQ //298 
28 -310.15259 -310.14194 32 -310.14502 -310.13154 
TS(28->29) -310.13742 -310.12597 33 -310.14337 -310.13028 
29 -310.13852 -310.12557 TS(33->34) -310.14050 -310.12738 
30 -195.77390 -195.76526 34 -310.13965 -310.12565 
31 -310.15207 -310.14131 35 -231.69048 -231.67635 
TS(31^32) -310.13171 -310.12051 
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0. 
Radical cation 2 is formed by the dissociation of IMC 6a and this process 
requires 63.4 kJ mol"
1
. Therefore, the sum of G3(MP2) energy of 2 and 
formaldehyde relative to 3 (160.6 kJ mol"
1
, or 1.66 eV) and the calculated ionization 
5 1 
energy of 1,4-dioxane (9.11 eV) is taken as the calculated appearance energy (AE) of 
C3H60
+
*. The computed G3(MP2) energy sum of 10.77 eV is in fair agreement with 
the experimental result of 10.56 eV. It is noted that the more recent report of the IE 
of 1,4-dioxane by Burrill and Johnson
30
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0. 
Though the calculated result is in fair accord with the experimental value, this 
pathway is complicated by reaction (5) (to be discussed later in Section 4.3.3), which 
is an addition-cyclization process between ion 2 and formaldehyde. As will be seen 
in Figure 7, IMC 6b, a conformer of 6a can undergo this reaction with no overall 
barrier. In contrast, IMC 6a requires about 60 kJ mol"
1
 to produce free ion 2. As a 
result, the formation of m/z 58 ions is unlikely to be competitive with reaction (5), 
which yields m/z 88 and m/z 87 ions. In other words, the pathway shown in Figure 2 
is probably not the major source of ion 2. Upon further investigation, two alternative 
5 2 
pathways were established for producing ion 2. As shown in Figure 3, ion 2 can be 
produced by direct C - 0 cleavage of the conformers of 4a, 4b and 4c, followed by 
the dissociation of the complexes yielded. Though the G3(MP2) barriers (200.4 and 
188.5 kJ mol" above 3, respectively) are higher than the previous pathway, these 
pathways are suggested to be more efficient in producing ion 2. This is because, 
when the parent ion 3 is converted to any stable intermediate, the excess energy 
gained from electron impact ionization may be easily lost by collision. Partial 
cleavage of a C - 0 bond in 4b via TS(4b—7) produces species 7. This species is not 
considered as an IMC, since the two equivalent C - 0 bonds, 2.369 A in length, are 
very weakly bonding according to N B O analysis. Then 7 dissociates into products 2 
and CH2O. On the other hand, ion 4c, which has comparable stability as 4a，can 
undergo a C - 0 bond cleavage via TS(4c-^8). Since complete C - 0 bond cleavage is 
required to form IMC 8, it is expected that TS(4c—8) is the higher than TS(4b—>7) 
in energy. Since the overall barriers of these two pathways (shown in Figure 3) differ 
by less than 12 kJ mol"
1
, both processes may be considered as the major source for 2. 






0 (m/z 58) fragment. From the result N B O analysis, it is seen that the C 一O 
bond is essentially a double bond. Also, due to the delocalization of unpaired 










 bond (1.677 A) is 





 bond is closely related to the reactivity of 2. It will be further 
discussed in the later part of this paper. 
Thissen et al.
17
 suggested that C H
3
O C H C H
2
+ #
 (1) was formed via a 
fomaldehyde-catalyzed 1,3-H transfer within an IMC in the dissociation channel of 
l,4-dioxane
+
*. This hypothesis is based on the absence of deuterated isomer 1， 
C D
3









* ions fragmented from ionized l,4-dioxane-J
8
. Though 
isotope effect is seldom so strong that prohibits a process, such observation suggests 
a hydrogen transfer as a rate-determining step for the generation of isomer 1. W e 
have constructed the reaction according to this hypothesis, as shown in Figure 4. 
The key TS of this reaction, TS(6b-^9) for 1,3-H transfer, has been successfully 
identified and the possible pathway for the formation of 1 has been established. 
From the energy profile displayed in Figure 4, it is seen that TS(6b->9) connects 
IMC 6b and 9. The former, which is essentially another conformer of IMC 6a, can 
5 3 
dissociate into 2 and formaldehyde, while dissociation of 9 yields 1 and 
formaldehyde. It is noted that TS(6b—9) is very high in energy, being 257.5 kJ 
mol" above parent ion 3. 
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0. 
To verify the catalysis by formaldehyde, we also investigated the possibility 
of the isomerization of ion 2 to 1 and successfully located the corresponding 
TS(2->1), which is also a TS for 1,3-H transfer. The energy barrier for this 
isomerization is 153.6 kJ mol"
1
, which is similar to that via TS(6b—>9) (159.6 kJ 
mol"
1
). The formation of IMC 6b (with formaldehyde participation) does not provide 
a lower energy barrier for the isomerization step, the energy sum of TS(2—1) and 
formaldehyde is 314.2 kJ mol"
1
 above the parent ion 3. Though the overall energy 
barrier is 56.8 kJ mol"
1
 higher than that of the previous mechanism, this difference is 
actually about the same as the energy gained by complex formation of IMC 6a (63.4 
kJ mol"
1
). That is to say, TS(6b^9) is essentially the "complex" formed by 
TS(2—1) and formaldehyde. Therefore, formaldehyde does not catalyzed the 
5 4 
formation of 1 at all. In other words, our G3(MP2) calculations do not support the 
important role of formaldehyde in the formation of 1 first suggested by Thissen et 
al.
17 
Moreover, for I M C 6b, isomerization via TS(6b—>9) again is not competitive 
with the aforementioned reaction (5). Hence ion 1 cannot be produced if hydrogen 
shift does not take place in an earlier stage of the dissociation of the parent ion 3. In 
view of this, we attempted to locate a H-shift TS prior the formation of IMC. 
Finally, TS(4a—>10) was identified. The barrier of this TS is 269.6 kJ mol" , which is 
similar to that of TS(6b—>9). Upon examining TS(4a—»10), it is seen that hydrogen 
shift is accompanied by the C - 0 bond cleavage. After IMC 10 is formed, it can 
readily dissociate into 1 and CH2O. This process is facile since the formation of this 
complex only provides a stabilization of 26.0 kJ mol" . This pathway is also 
displayed in Figure 4. 
Due to such a huge energy barrier, isomer 1 constitutes a very small portion 
(-5-10%) of the C3H60
+w
 fragment ions. It is known that deuterium substitution may 
• 31 . 
slow down, sometimes considerably, such a process (formation of 1). Hence it is 
possible that an unfavorable process of this kind is effectively shut down upon 
deuterium substitution. The formation of 1 is solely due to the enormous energy 
gained from electron impact ionization but not the catalysis of formaldehyde. This 
explains why no ion 1 is produced by simply mixing the mlz 58 ions fragmented 
from 1,4-dioxane
+#
 with formaldehyde. 
Isomer 1 is often considered as the radical cation of methyl vinyl ether. 




 bond (1.287 A) has considerable 
double bond character and a significant amount of unpaired spin resides at C . As a 
result, the reactions of ion 1 are often initiated by a radical attack at C
4
. 
4.3.2 Reaction with Acetonitrile. The reactions studied in this section are: 
C H
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O C H C H
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3








 (15) + C H
2
0 (4) 
The G3(MP2) profiles of these reactions are displayed in Figures 5 and 6, 
respectively. 
A clue for the existence of a minor isomeric component for the C3H6O • 
fragment is provided by the result of its reaction with acetonitrile. In the works of 






 ions remain unreacted in the presence of 
5 5 
acetonitrile. The calculated PESs for the respective reaction of 1 and 2 with 




* ions are due to 
the existence of 1. 
Reaction between 1 and acetonitrile, reaction (3) As can be seen in Figure 5, 
ion 1 binds with acetonitrile to form a collision complex 11. The calculated binding 
energy is 56.7 kJ mol" . However, this amount of energy gained is not sufficient for 
complex 11 to overcome the barrier for the radical attack on the electrophilic center 
C via TS(11—>12). The activation energy for such an attack is 86.0 kJ mol"
1
. 
Though this hypothetical reaction is slightly exothermic, it is kinetically unfavorable. 
The computational results are in accord with the observed inertness of ion 1. 
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Figure 5. The G3(MP2) potential energy surface showing the mechanism for 
reaction (3): C H
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Reaction between 2 and acetonitrile, reaction (4) Reaction (4) has been 
previously studied by Wittneben et al.
13
 But, between the two mechanisms proposed 
by them, they did not determine which one is more favorable. In any event, another 
pathway is suggested in Figure 6, where 2 binds with acetonitrile to form a collision 
complex 13. This process is exothermic and the binding energy is 71.3 kJ mol". 
Upon radical addition via TS(13->14), complex 14 is formed. The energy of this TS 
5 6 
is 32.5 kJ mol" below free 2 and acetonitrile. Dissociation of complex 14 yields free 
formaldehyde and the ionized ethylene transfer product 15. Unlike ion 2，the 
unpaired electron on C
1





The heat of reaction of this process is -74.6 kJ mol" , which is much more 
exothermic than reaction (3). These results are in accord with the observed rapid 
transfer of ionized ethylene by 2 and the inertness of 1 towards acetonitrile in the 
• i • 17 
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The G3(MP2) profiles of these reactions are shown in Figures 7 and 8, respectively. 
5 7 
The observed results of the reaction between C3H60
+ #
 ions and formaldehyde 
also suggest the presence of a minor isomeric component for the m/z 58 fragments. 
N o w we have established the pathways in order to explain some of the experimental 
results. 
The reaction of ion 2 with formaldehyde has also been studied by Mourgues 
i 32 • • \1 
et al. experimentally. In the work of Thissen and co-workers, results similar to 
those of Mourgues et al. were obtained, except that they found about 10% of the 
C3H60+. ions remained unreacted. According to the work of Mourgues et al., ion 2 
reacts with formaldehyde through two different pathways. One involves cyclization 
yielding l’3-dioxane
+
〜 followed by hydrogen radical loss [reaction (5)]. Another is 
described as an exchange of the - O C H 2 portion of the parent ion by an incoming 
formaldehyde molecule [reaction (6)]. 
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Figure 7. The G3(MP2) potential energy surface showing the mechanism for 












Addition-cyclization reaction of 2 with formaldehyde, reaction (5) This 
process is observed to be the slower one between reactions (5) and (6). However, 
according to the G3(MP2) profile shown in Figure 7, there is no exceedingly high 
barrier for reaction (5). Starting from IMC 6b, addition of formaldehyde at the 
cationic site C
1
 in 6b proceeds via TS(6b—^16a) to form adduct 16a. The energy 
cost is so low that TS(6b—16a) is only 4.9 kJ mol"
1
 above complex 6b. The 
exceptionally long C - O (1.822 A) bond in 16a is due to the interaction between the 
i , i 2 ii I 5 ill . 
lone pair electrons on 0 and the a*(C - 0 ), as revealed by N B O analysis. Such 
1 5 3 2 1 • ii 
orbital interaction tends to weaken the C - 0 bond. By C - 0 bond rotation, adduct 
16a can transform into conformer 16b via TS(16a—>16b), which also involves a low 
energy barrier. The final cyclization step proceeds via TS(16b-^17), which is 66.0 
kJ mol"
1
 below free 2 and formaldehyde. 
The formation of l,3-dioxane
+#
 (17) is very exothermic. Nevertheless, 
subsequent hydrogen radical loss via TS(17-^18) produces an even more stable 
product pair 18a and 18b. The overall heat of reaction is -124.5 kJ mol". 
Formaldehyde exchange reaction of 2, reaction (6) Intuitively, it is difficult 
to see why reaction (6) is faster than reaction (5), as the former inevitably involves 
heterolytic bond cleavage. Hence it is worthy to investigate the pathway of reaction 
(6) theoretically. 
For the ionized ethylene transfer to formaldehyde by isomer 2, our 
calculations, as summarized in Figure 8, show that it can proceed via intermediate 7， 
which has two equivalent partial C - 0 bonds. The dissociation of the original C - 0 
bond completes the exchange process. 
Alternatively, the formaldehyde exchange can also proceed via a TS. This 
pathway involves the formation of an IMC 6a, which is more stable than the 
reactants by 63.2 kJ mol"
1
. Afterwards, IMC 6a undergoes formaldehyde exchange 
via TS(6a—>6a). This process requires an activation energy of 49.3 kJ mol". 
Therefore, one would not expect this to be a fast reaction. 
However, if we allow an extra formaldehyde molecule to bind with 
complexes 6a or 6b, a larger IMC, 19, which has a stabilization energy comparable 
3 2 
to that of 6a, is formed. In this IMC, there is bonding interaction between C and 0， 




. Migration of formaldehyde via TS(19—19) changes 
3 7 l 
the interaction within the complex, resulting bonding between C and 0 but none 
5 9 
3 2 
between C and 0 . This process involves a very small activation energy of 2.7 kJ 
mol" . Unfortunately, the pressure in the ICR cell was apparently not high enough to 
facilitate the trimolecular collision to produce IMC 19. 
None of the three possible pathways for reaction (6) discussed above would 
unambiguously lead to a faster rate than reaction (5), even though multiple pathways 
for this reaction may result in a rapid observed rate. 
In passing, it is noted that we also calculated the G3(MP2) energy of the 
hypothetical adduct formed by 1 and formaldehyde. It is 38.0 kJ mol" above the 
reactants and 88.3 kJ mol"
1
 above IMC 9. In view of the instability of this adduct, 
any reaction between 1 and formaldehyde inevitably involves a high energy barrier 
and hence is not observed. 
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4.3.4 Reaction with Ethylene. The reactions studied in this section are: 
C H
3
O C H C H
2
+ #
 (1) + CD2CD2 — C H
3
O C H C D
2
+ #














 (23，）+ C H
2
0 (8) 
The G3(MP2) profiles of these reactions are shown in Figures 9 and 10, respectively. 
The experimental results of the reactions between C3H6〇+. fragment ions 
with ethylene provide a very convincing evidence for the existence of isomer 1 as a 
minor component of the m/z 58 fragments. By reacting the CsH60
+#
 fragment ions 
with deuterated ethylene, m/z 60 fragments are produced. More importantly, Thissen 
1*7 參 
et al. successfully differentiated the two peaks at m/z 60.09 and 60.05 at high 
resolution. The former peak, which is the major one (93 士 1%), corresponds to the 
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Figure 9. The G3(MP2) potential energy surface showing the mechanism for 
reaction (7): C H
3
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2
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Reaction between 1 and ethylene, reaction (7) The presence of C3H4D20
+# 
ions as one of the products for this reaction strongly suggests the presence of isomer 
1, which is known to react with deuterated ethylene via a cycloaddition-
cycloreversion process to yield CH30CHCD2+* (1，). Figure 9 illustrates how such 
an exchange proceeds. To start, 1 combines with ethylene to form IMC 20. Radical 
attack on the 7i bond of ethylene at C by C via TS(20—>21) results in a new C-C 
bond, yielding intermediate 21. The G3(MP2) energy of TS(20—21) is lower than 
IMC 20 by 2.3 kJ mol"
1
, thus the energy barrier involved is likely to be very small 
that it is within the error bar of the G3(MP2) method. Then ion 21 undergoes a 




















. The activation energy required is not very high, 
33.3 kJ mol . The subsequent process is simply the reverse of previous steps and the 
adduct eventually dissociates into deuterated products 1' and CH2CD2. It is worth 
noting that there is no cyclic intermediate involved in these calculations. The 
G3(MP2) energy profile not only explains the feasibility of reaction (7), it also 
provides a clear picture for the reaction mechanism. 
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ion is simply the product of ionized ethylene transfer by 2. As shown in Figure 10, 
this transfer can proceed in a facile way similar to reaction (6) via an intermediate 
22, involving no TS. This intermediate, 16.1 kJ mol"
1
 below the reactants，may be 
described as a complex formed by formaldehyde, ethylene and ionized ethylene, with 
insignificant net bonding among the three units. With formaldehyde dissociated 








4.3.5 Reaction with Propene. The reactions studied in this section include: 
C H
3
O C H C H
2
+ #
 (1) + CH3CHCH2 — C H
3
O C H C H C H
3
+ #






































The G3(MP2) profiles of these reactions are displayed in Figures 11, 12 and 13, 
respectively. 
The experimental results of the reactions between C3H60
+ #
 fragment ions and 
propene are similar to those between C3H60+. fragment ions and ethylene, but there 
are some significant differences. In the work of Thissen et al. , two products are 
formed by reacting the C3H60
+ #
 fragments with propene. The major product is the 
m/z 70 fragment CsHio^ (80%), while the minor one is the m/z 72 fragment C4H8〇
+# 
(20%). The former is the expected product of ionized ethylene transfer by 2 
[analogous to reaction (8)]. On the other hand, the m/z 72 fragment apparently is 
produced by the reaction between 1 and propene via a cycloaddition-cycloreversion 
process. However, these results, suggesting the presence of 20% of 1, are 
inconsistent with those of the other reactions described above. Upon carrying out 
labeling experiment, Thissen et al.
 7
 discovered that part of the C4HgO
+ #
 ions are 
produced by a minor reaction of 2. However, they were not certain about the 
reaction mechanism as well as the structure of the product ions. 
Reaction between 1 and propene, reaction (9) The formation of C4H8O • ions 
as one of the products is in accord with the presence of isomer 1 as a minor 





 This reaction is seemingly analogous to reaction (7). 
However, the G3(MP2) energy profile shown in Figure 11 reveals some key 
differences between the mechanisms of the two reactions. Unlike reaction (7), ion 1 
6 3 
binds directly with propene to form adduct 24, which is -74.3 kJ mol"
1
 below the 
reactants, involving no IMC nor TS. Then 24 cyclizes to form intermediate 25 via 
TS(24->25). The energy barrier involved is again probably too small that it is within 
the error bar of the G3(MP2) method. The cyclization product 25 is 10 kJ mol"
1 




 “bond length" is as long as 
2.249 A, since it is a one-electron bond according to N B O analysis. As previously 
described, no similar intermediate having a cyclobutane-like framework exists in the 
pathway of reaction (7). Subsequently, ion 25 undergoes ring-opening via 
TS(25—>26) to yield ion 26, which is almost as stable as 24. This process requires an 
activation energy of 31.8 kJ mol"
1




 bond in 26，ion 
27a and ethylene (27b) are produced. The overall exothermicity of this reaction is 
39.9 kJ mol" . In view of this exothermicity and the lack of a substantial barrier, 
reaction (9) is expected to be observed experimentally. 
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Figure 11. The G3(MP2) potential energy surface showing the mechanism for 
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Reactions between 2 and propene, reactions (10) and (11) The major product 
C5H10 * ion, produced when 2 reacts with propene, is similar to the C4H4D4+* ion 
formed in reaction (8); both are products of ionized ethylene transfer by 2. 
According to the G3(MP2) energy profile for reaction (10) displayed in Figure 12， 
the ionized ethylene transfer to propene by ion 2 proceeds in a way that is slightly 
different from the pathway shown in Figure 10. N o w ion 2 binds directly with 
propene involving no TS to yield adduct 28, in which the formation of the C -C
5 
bond does not weaken the C —O bond. The adduct 28 is so stable that it is 98.1 kJ 
1 1 • 3 2 
mol" below the reactants. Afterwards, species 28 undergoes C - O bond cleavage 
via TS(28—>29) to yield IMC 29, involving an energy barrier of 41.9 kJ mol". 








“ (30) and formaldehyde. The 
overall exothermicity of this reaction is 27.2 kJ mol". 
1 H 
H,. + ；一 H 
z C — C 
H \ 
，nn A E \ . H 
2u.u n p Cm 
(kJ mol-1) H'： 、 — H 
H y - H 
2 + C H
3
C H C H
2
 H V H 
0 . 0 - 1 /
C
~ \
 3 0 
_
2
。。 _ \ \ H
 H h













. \ \ /^ JV " 
-600 _ \ \ y ^ i ^ - T / 
_8。。- \ H : 
• 100 .0」 H UZ \ ^ H 
-98.1 -96.5
 H
 \ H\ ； h 
H - C - 0 H u H / H H ； C 二 
\ f .H u w H / H 
X- H n ‘ ' lj 
“ \ H I J ， O 
H
 H . H V \
 H
 J hh p-h r ° h H 
H H H H / ' H 
28 H 
31 
Figure 12. The G3(MP2) potential energy surface showing the mechanisms for 
reaction (10): . C H W H ^ C H / (2) + C H
3






+. (30) + CH
2
0. 6 5 
An alternative pathway of this reaction is also shown in Figure 12. In this 
mechanism, 2 and propene first form adduct 31 which is a conformer of 28 and they 




 bond in 31 cleaves via 
TS(31—32) to yield IMC 32; the barrier of this process is 54.6 kJ mol"
1
. Finally 
IMC 32 dissociates into C H
3






— (30) and formaldehyde. As can been 
seen in Figure 12, the two pathways producing the same products are quite similar. 
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 (35) + 
CH2CH2. 
In the labeling experiment conducted by Thissen et al., the C3D6〇
+
. ions 
fragmented from ionized 1,4-dioxane-<i
8
 reacting with propene does not yield 
C4H4D4O、(mlz 76), which is the expected product from reaction (9). Instead, 
C4H6D2O— {mlz 74) is formed. This result not only suggests that the absence of 
deuterated isomer 1 in C3D60
+#
 fragments, but also a minor reaction yielding 
C4H6D2〇+. by deuterated 2. This minor process contributes the extra amount of 
C4HgO
+#
 ions produced, resulting in an apparent inconsistency in the relative 
composition of isomer 1 in the C3D6O— ions fragmented from ionized 1,4-dioxane. 
Our calculations suggest a plausible mechanism for this minor reaction. 
6 6 
This reaction, called reaction (11), has the G3(MP2) energy profile shown in 
Figure 13. Note that this pathway starts with the "reactants" 30 and formaldehyde, 
i.e., the products of reaction (10). In this mechanism, formaldehyde and 30 
reeombine to form IMC 33, which is -67.5 kJ mol"
1
 below the energy total of 2 and 
propene. Afterwards, IMC 33 undergoes C
5
-C bond breaking via TS(33^34), 
yielding I M C 34. The activation energy required is 7.6 kJ mol" . IMC 34，which is 
55.4 kJ mol"
1
 below the reactants of 2 and propene, is essentially formed by ethylene, 
ionized propene and formaldehyde. Dissociation of IMC 34 yields 
CH3CH*CH20CH2+ (35) and ethylene as products. This final process involves an 
energy barrier of 49.7 kJ mol"
1
 and this is the largest barrier encountered in this 
reaction pathway. Though this barrier is comparable to the largest energy barrier 
involved in reaction (10), reaction (11) is less exothermic than the former. Therefore, 
reaction (12) is only a minor process of isomer 2. 
4.4 Conclusion 
In this work, G3(MP2) calculations were carried out to study the 
fragmentation reactions of ionized 1,4-dioxane as well as the reactions between 
various reactants (including acetonitrile, formaldehyde, ethylene and propene) and 
the isomers C H
3
O C H C H
2
+ #














fragmented from ionized 1,4-dioxane. The calculated results clearly show that: 
(1) In the fragmentation reaction of ionized 1,4-dioxane, both 1 and 2 are 
formed. In addition, the formation of 1 involves a large energy barrier. Hence 2 
appears as a major component (90-95%) and 1 as a minor component (5-10%) of the 
C3H60
+ #
 ions. In addition, our calculations do not support the formaldehyde-
17 j 
catalyzed pathway for producing 1 suggested by Thissen et al. Instead, we 
identified an alternative pathway which features a hydrogen-shift TS [TS(4a—10)] 
prior to the formation of IMC 6a. 
(2) When isomer 2 reacts with the four aforementioned reactants, it 
readily undergoes ionized ethylene transfer, requiring small or no energy barrier. 
Hence the products of these four reactions are observed experimentally. 
(3) On the other hand, the reactions between isomer 1 and acetonitrile or 
formaldehyde involve much higher energy barriers. Hence these reactions are not 
detected experimentally. Meanwhile, the reactions between 1 and ethylene or 
6 7 
propene proceed along the cycloaddition-cycloreversion mechanism involving no 
overall energy barriers. Hence the expected products are also observed 
experimentally. 
(4) Our calculations show that there is an additional but minor reaction 




 (35), an 
isomer of the product CH30CHCHCH3+* (27a) formed when 1 reacts with propene. 
The presence of this minor reaction between 2 and propene explains why there is a 
20% C4HgO
+ #
 "minor product", instead of the expected 5-10%, formed in the 
reaction between C3H60+. ions and propene. 
4.5 Publication Note 
An article based on the results reported in this Chapter has been accepted for 
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Chapter 5 
A Computational Study of the Photodissociation Channels of 
Chloroiodomethane 
Abstract 
The photodissociation reactions of chloroiodomethane have been investigated 
by ab initio and time-dependent density functional theory (TD-DFT) calculations. 
Based on these calculations, the excited electronic potential energy surfaces, as well 
as the intermediates and transition structures arising from the ground state, for 
different channels have been studied. Our results are useful in interpreting the 
translational energy distributions derived from the time-of-flight (TOF) mass 
spectrometric measurement obtained by our collaborators at the University of 
California at Davis. For the I-atom and Cl-atom elimination channels, our TD-DFT 
calculations indicate that the direct dissociation mechanism is consistent with the 
fragment kinetic energy releases observed. In addition, other mechanisms which are 
predissociative or statistical in nature from the lower 1
1
 A’ and 1
1
 A〃 states and/or the 
~ 1 1 1 1 
ground X A' state populated by internal conversion from the 2 A’ state are also 
possible. The intermediates and transition structures for the CHI + HC1 and CH2 + 
IC1 product channels have also been investigated by ab initio quantum calculations at 
the CCSD(T)//MP2(FC) level of theory with the 6-311++G(2df,p) basis set. The 
calculated energetic results are consistent with the kinetic energy releases observed 
for these reactions. 
5.1 Introduction 









 studies in the past. Partly because of the 
strong absorption in the ultraviolet (UV) region and weak carbon-halogen bonds, the 
photodissociation processes of these molecules have served as model systems for 
fundamental understanding of photodissociation dynamics. The marine species in 
oceans are found to be the main source of iodine-containing gaseous molecules, such 
71 
as methyl iodide (CH
3
I) and chloroiodomethane (CH
2
IC1), which have generally 




 Interest in 
the photochemistry of halogenated methanes has grown ever since it was recognized 
that halogen atoms are produced from the U V photodissociation of halogen-




 Halogen atoms thus formed may 
catalytically decompose ozone in the stratosphere. That is, the photodissociation of 
haloalkanes by solar U V radiation has become the principal known source for active 
7 8 
halogen atoms and radicals in the upper atmosphere and ocean water.， 
Despite previous extensive experimental and theoretical studies on the 








 little work has been done on the 
photodissociation of CH
2
IC1 in the gaseous state. The A-band absorption spectrum 
ofCH
2
ICl covers the wavelength range of 225-325 n m with a maximum at 271 nm.
15 
A narrow absorption resonance is found to be at 194 nm, which has been assigned as 
i 13 
the B-band absorption of CH2ICI. 
On the basis of TOF measurements of photofragment ions observed in V U V 
photoionization sampling of nascent photoproducts formed in the 193 n m 
photodissociation of CH
2
IC1, our collaborators, C.Y. N g and T. Zhang at the 
University of California at Davis, have unambiguously identified the following 
photodissociation processes: 
CH2ICl + hv(193nm) — CH 2C1 + I (









) A// = -96.5 kcal mol"
1
 (lb) 
— C H 2 I + C1(2P3/2,I/2) A// = -70.0 kcal mol"
1
 (2) 





 + IC1 A//=-53.0 kcal mol"
1
 (4) 
Using the literature heats of formation at 298 K (A/f for CH
2
















I (52.0 kcal mor
1
), HC1 (-22.1 kcal mol"
1
), CHI (102.3 kcal 
mol-
1
), IC1 (4.2 kcal mol"
1
) and C H
2






 and taking into account the 
photon energy of 147.91 kcal mol], it is found that processes (la), (lb), (2), (3), and 
(4) are all highly exothermic with the exothermicities (-AH) of 74.8, 96.5, 70.0，70.8, 
and 53.0 kcal mol"
1
, respectively, as listed above. 
In order to provide a better understanding of the photodissociation 




 to elucidate possible intermediates and transition 
structures (TSs) leading to the photoproduct channels observed in the 193 n m 
photodissociation of CH
2
IC1. Possible excited potential energy surfaces involved in 
the photodissociation reactions have also been examined using the time-dependent 
density functional theory (TD-DFT).
21
" 
5.2 Methods of Calculation 
In this study, two types of methods were employed to establish the 
dissociation channels computationally. For those channels involving excited states, 
the excitation energy (relative to the corresponding ground-state energy) was 




 Potential energy surfaces (PESs) of 
dissociation reactions occurring in the excited states were constructed by constrained 
geometric optimization at the B3LYP/6-311G(d) level and excitation energies 
evaluated by the TD-DFT method at the same level. 
For the dissociation reactions involving only the ground state, the geometries 
of all intermediates and transition structures (TSs) were optimized at the MP2(FC)/6-
311++G(2df,p) level. The basis functions for iodine were constructed by augmenting 
6-311G(d) with appropriate numbers of optimized d and/polarization functions, as 
well as s and p diffuse functions.
24
 Based on the structures optimized at this level, 
single-point energy calculations at the CCSD(T)/6-311++G(2df,p) and CCSD(T)/cc-
pVTZ-PP levels were performed to determine the energy E, at higher accuracy. As 
the cc-pVTZ-PP functions are based on effective core potentials (ECPs) instead of 
being an all-electron (AE) basis, it enables the relativistic effect (mainly the scalar 




 In addition, the 
MP2/6-31++G(2df,p) vibrational frequencies, scaled by 0.95, were applied for the 
zero-point vibrational energy (ZPVE) correction at 0 K (E0 = ^ + ZPVE). For 
simplicity, we denote the E0 calculated at the CCSD(T)/6-3U++G(2df,p) level as 
CCSD(T)[AE], while the values calculated at the CCSD(T)/cc-pVTZ-PP level as 
CCSD(T)[ECP]. When energetic data are presented (as in Figures 4 and 5), those 
values in parenthesis refer to CCSD(T)[ECP]. 
For each TS identified, its "reactants" and "products" were confirmed by 




 Additionally, natural bond 
orbital (NBO)
2 9
 analysis was carried out at the MP2/6-311++G(2df
?
p) level in order 
t 0
 obtain a fuller picture on the bonding of the molecular species. All the 
73 
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calculations were carried out using the Gaussian03 package of programs. 
5.3 Results and Discussion 





.) for the different product channels based on the measured 
T O F spectra. For a particular product channel, each P(E
c m
.) corresponds to a distinct 
mechanism. To facilitate the discussion below, the available energies [E(avail)] for 
processes (la), (lb), (2), (3), and (4), and the maximum translational energies 
[Ec.m.(max)]
5




>, the average internal energies 
<E
int













.) distributions determined in the 
present experiment are summarized in Table 1. It is worthy to note that a low value 
of <f
tran
> (about 0.1) for a P(E
c m
.) implies that the corresponding dissociation process 
involves internal conversion(s) from the initial excited state. 
Table l ： Energy Partitions (in kcal mol
1
) of Different Dissociation Channels of 
CH
2
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a
 E(avail) represents available energy. 














 <Ec.m > / E(avail). ! 
f predicted <ftran> values based on the modified impulsive dissociation model. 
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The structures of the species involved in this work, along with their symmetry 
point groups, are displayed in Figure 1. The CCSD(T)[AE] and CCSD(T)[ECP] 
energies of various species are listed in Table 2. 
4 1 9 ^ - HQ'S 4-1-3-2=8.8 
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/ 3 1.103 H 
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TS(4 一5) (Cs, 1A') 
F i g U r e 1. Structures and symmetry point groups of various intermediates and 
transition structures involved in processes (4) and (5) calculated at the MP2(FC)/6-
311++G(2df
?
p) level of theory. 
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Table 2: The Energies Eq of Various Species Involved in the Photodissociation 
Reactions of Chloroiodomethane Calculated at the CCSD(T)/6-311++G(2df,p) 
and CCSD(T)/cc-pVTZ-PP Levels including Z P V E Correction at 0 K 
E
0
 (hartree) at E
0




 CCSD(T)/6-311++G(2df,p) CCSD(T)/cc-pVTZ-PP 
1 -7415.994116 -795.842820 
TS(l->2) -7415.878022 -795.728093 
2 -7415.879382 -795.729972 
3a -6955.558055 -335.392145 
3b -460.313662 -460.330674 
TS(l-^4) -7415.908951 -795.7547986 
4 -7415.909989 -795.759102 
TS(4->5) -7415.833442 -795.681504 
5 a
 -39.0419447 -39.048850 
5 b
 -7376.790482 -756.632208 




 the singlet electronic states that 
are likely to be involved in the 193 n m photodissociation of CH
2
IC1 are: ^ A", ^ A', 
2A", 2A', 3A", with respective excitation energies of 4.45, 4.54, 5.81, 5.96, and 6.65 
eV measured with reference to that of the X ground state of CH
2
IC1. The 
oscillator strengths for the PA", l
1
^, 2A〃，2A', and 3A" states from the X 
ground state are calculated to be 0.0014, 0.0050, 0.0002, 0.1148, and 0.0000， 
respectively. Comparing these calculated results with the absorption spectrum for 
CH
2
IC1, we may conclude that the A-band absorption centered at 271 n m is due to 
excitation to the P A " and ”A' states and the B-band absorption peaked at 194 nm 
are due to excitation to the 2A' state. The broad and featureless appearance of these 
bands is indicative of the dissociative nature of these electronic states. 
7 6 










, derived for the formation of CH
2
C1 + I( P1/2) 
[process (la)] are found to have the E
cm
.(max) values of 73 and ~ 24 kcal mol", 









 refers to the major mechanism for process (la). The < E
c m
> = 30 kcal 
mol"
1




 corresponds to <f
tran
> = 0.4, which is close to the 
30 3 J R ] 
predicted <f
tran
> of 0.31-0.35 based on the impulsive dissociation models.， The 
P(E
c m
.)A is likely resulted from a direct dissociation mechanism on the excited 2 A' 
surface, giving rise to the significant translational energy release. The observation of 
the impulsive dissociation for process 1(a) is consistent with the TD-DFT 
calculation. As shown in Figure 2, the 2
1
 A’ state is essentially repulsive along the C-
I dissociation coordinate. The minor dissociation pathway for process (la) 




 distribution is likely statistical in nature and arises from 
〜 1 
dissociation from the lower and rA" excited states and/or the ground X A' 
electronic state after internal conversion from the initially excited 2
!
A' state. 
Without the inclusion of spin-orbit interaction, the TD-DFT calculation of the PESs 
along the C—I dissociation coordinate does not reveal curve crossing interactions 
between the 2
!
A' and the lower ^A' and ”A" states. Nevertheless, spin-orbit 
interactions between the triplet and singlet potential energy manifolds seem to 
provide a viable mechanism for relaxation from the 2
X
A! state to the lower ^ A' and 
^A" states. 
The observation that the major dissociation pathway for the I( P1/2) channel is 
2 \ 
governed by impulsive dissociation and the dissociation mechanism of the I( P3/2) 
channel is predominantly statistical suggests that the excited 2〗A' state correlates to 






). The branching ratio of 0.73 : 0.27 observed for 
I(2PI/2) ： I ( 2P 3 / 2 ) is also consistent with this suggestion. In order to confirm this 
implication, a more reliable theoretical investigation on the excited PESs with the 
inclusion of spin-orbit interaction is needed. 
7 7 
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5.3.2 CH2I + Cl(2P3/2)i/2) Channel For P(Ec.m.)A, the Ecm.(max) of 47 kcal 
mol"
1
 is significantly lower than the E(avail) = 70 kcal mol"
1




> = 26 
kcal mol"1 corresponds to < f t r a n s � = 0.37, which is very close to the value predicted 
by the modified impulsive model (see Table 1). This observation also leads to the 
conclusion that P(Ecm.)A has the origin from direct impulsive photodissociation of 
CH
2















~ 25 kcal mol"
1






> = 13 kcal mol"
1













.)c] is rationalized as due to dissociation involving the lower 1
!
A' and 1 A" 
and/or the ground X
l
A ! electronic surface of CH
2
IC1 followed by internal 
conversion from the 2
1
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I + ci. 
Since the E(avail) is ~ 70 kcal mol"
1
 for process (2), CI atoms can be formed 
in both the excited and ground spin-orbit states. As illustrated in the observation 
above, concerning the formation of I( P3/2) and I( P1/2), the mechanisms leading to 
the formation of Cl(2P3/2) and C1(2Pi/2) can also be quite different. 
The TD-DFT investigation of the singlet potential energy surfaces along the 
C-Cl bond dissociation coordinate shows that the 2
!
A' has a potential well at about 
2.2 A resulting from multiple curve crossings. However, the 2
1
 A, potential surface 
along the C-Cl coordinate is overall repulsive. Thus, the direct dissociation on the 
surface is expected to lead to a high kinetic energy release. This expectation is 
consistent with the high <f
tran




. The TD-DFT 
calculation also shows that curve crossing between the curves 
of 2
1
 A' and l'A' (via 
2
1
 A") occurs at the C-Cl distance of about 2.2 A. As displayed in Figure 3, the ^A' 
state has a shallow inner well at the C-Cl distance of about 1.7 A and an outer 
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 observed is 
likely to be originated from dissociation via the 1
1
A state. As pointed out above, the 
TD-DFT calculation has not taken the spin-orbit interaction into account. The 
inclusion of spin-orbit interaction is expected to provide more viable mechanisms for 
relaxation from the 2
1
 A，state to the lower 1
1
 A’ and 1
1
 A〃 states. 
5.3.3 CHI + HCl Channel. The dissociation pathway leading to P(E
C m
 )八 is 
likely due to direct dissociation from the excited 2
1
 A’ state, giving rise to a 
significant fraction of translational energy release <ft
ra
n〉= 0.35. The dissociation 








 distributions, with <f
tran
> = 
0.18 and 0.09, respectively, may arise from the 1 A' and ^A" states and/or the 





The ground state for CHI is a spin triplet. On the basis of electron spin 
conservation, CHI is expected to be produced in the singlet state. However, singlet-
triplet crossing can be facilitated by strong spin-orbit interaction due to the presence 
of the I atom. The observation that the E
c m
 (max) = 45 kcal mol" is significantly 
lower than E(avail) = 71 kcal mol" for process (3) can be taken as evidence that the 
formation of CHI in the triplet ground state is not favorable. 
The lowest energy pathway leading to the formation of HCl and singlet CHI 
[process (3)] calculated at the CCSD(T)[AE] and CCSD(T)[ECP] levels is displayed 
in Figure 4. The elimination of HCl from CH2ICI (1) proceeds via TS(1—>2) to 
produce complex 2. In this TS, the C—CI bond is broken and the hydrogen atom is 
abstracted by the chlorine atom. In other words, the C-Cl and C-H bonds cleave 
asynchronously. The CCSD(T)[AE] and CCSD(T)[ECP] energies of TS(1—2) 
relative to 1, i.e., CH2ICI, are very similar, both at about 72 kcal mol" . Species 2, 
which is 71.7(70.5) kcal mol" above 1，may be described as a complex between 
singlet carbene CHI (3a) and HCl (3b). Dissociation of 2 leads to 3a and 3b, which 
have a total energy of 76.8(75.3) kcal mol"
1
. Since TS(1—>2), complex 2 and product 
pair of 3a and 3b all have very similar energies, we conclude that the calculation 
predicts a zero exit barrier for the formation of HCl and singlet CHI. 
8 0 
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Figure 4. The potential energy surface for reaction (3): CH2ICI CHI + HCI 
calculated at the levels of CCSD(T)[AE] and CCSD(T)[ECP] (in parentheses). 
5.3.4 CH2 + ICl Channel. The photodissociation pathway that gives rise to a 
significant kinetic energy release with <f
tran
> = 0.27 for the photofragments 
according to P(E
c m
.)A is likely to occur directly on the potential surface of the 
initially excited 2
1
 A’ state. The profile of the P(E
c m
.)B distribution shows that there 
is a near exponential increase toward higher E
c m
 values. This is consistent with a 
statistical dissociation mechanism via the ground electronic potential surface 
populated by internal conversion from the 2 A’ state. 
Similar to CHI, the ground state of CH2 is a triplet state, which is lower 
1 33 • • • 
than the singlet state by 10 kcal mol" . The consideration of electron spin 
conservation favors the formation of CH2 in the excited singlet state from the 
dissociation of CH2ICI. As shown in Table 1, the E
c m
.(max) ~ 44 kcal mol" is lower 
than the E(avail) by about 10 kcal mol" . This observation supports that the 
formation of CH2 in the ground triplet state is not favored. 
The lowest potential energy profile for the formation of singlet CH2 and ICl 
from CH
2
IC1 calculated at the CCSD(T)[AE] and CCSD(T)[ECP] levels is shown in 
Figure 5. Chloroiodomethane (1) first undergoes an iodine atom migration via 
TS(1—>4) to produce complex 4. W e note that TS(1—4) has two imaginary 
frequencies at the M P 2 level, but it is a true TS at the B3LYP/6-311++G(2df,p) level. 
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The energy of TS(l->4) is predicted to be 53.4(55.2) kcal mol"
1
 above 1. This 
process may be more appropriately described as a C—I bond cleavage. According to 
N B O analysis, there is hardly any bonding interaction between CI and I atoms in 4, 
with the Cl-I distance being 3.24 A. Subsequently, complex 4, which is 52.8(52.5) 
kcal mol"
1
 above 1, undergoes C—CI bond fission via TS(4->5) to form singlet 
carbene C H
2
 (5a) and IC1 (5b). The calculated energy of 100.8(101.2) kcal mol
-1
 for 
TS(4->5) is nearly identical to the energy sum of 101.4(101.5) kcal mol'
1
 for the 
product pair of 5a and 5b, relative to 1. Therefore, we conclude that the calculation 
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 + IC1 
calculated at the levels of CCSD(T)[AE] and CCSD(T)[ECP] (in parentheses). 
5.4 Conclusion 
W e have studied the photodissociation reactions of chloroiodomethane by ab 
initio and TD-DFT calculations. By carrying out these calculations, the excited 
electronic potential energy surfaces, as well as the intermediates and transition 
structures arising from the ground state, for different channels have been 
investigated. Our calculated results may be used to analyze the translational energy 
8 2 
distributions derived from the time-of-flight (TOF) mass spectrometric measurement 
obtained by our collaborators. For the elimination channels involving the cleavage 
of a C-Cl or C-I bond, our TD-DFT calculations indicate that the direct dissociation 
mechanism is consistent with the fragment kinetic energy releases observed. In 
addition, other mechanisms which are predissociative or statistical in nature from the 
lower ”A' and ^A" states and/or the ground XxA! state populated by internal 
conversion from the 2
!
A' state are also possible. Meanwhile, the intermediates and 
transition structures for the CHI + HC1 and C H
2
 + IC1 product channels have been 
investigated by ab initio quantum calculations at the CCSD(T)//MP2(FC) level of 
theory with the 6-311++G(2df,p) basis set. The calculated energetic results are 
consistent with the kinetic energy releases observed for these reactions. 
5.5 Publication Note 
An article based on the results reported in this Chapter has been submitted for 
publication: Zhang, T.; Ng, C. Y.; Lam, C.-S.; Li, W.-K., A 193 nm Laser 
Photofragmentation Time-of-Flight Mass Spectrometric Study of 
Chloroiodomethane, J. Chem. Phys. (in press). 
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Since conclusions have been drawn for each Chapter, we will not specifically 
comment on individual chemical systems studied in this thesis here. On the other 
hand, different models of theory, Gaussian-3 (G3) and G3(MP2), as well as other 
theoretical methods have been employed to study the structures, bonding, and 
energetics of several interesting systems. W e will now remark on the relative merits 
of these models. 
In this thesis, we have applied the G3(MP2) method to study the structures 
and energetics of tri-s-triazine and its derivatives. W e have also employed a natural 
bond orbital (NBO) analysis to investigate the electronic structures of these 
molecules. In establishing reaction pathways for the dissociative photoionizatin of 
acetone, we have employed the G3 method. Good to excellent agreements between 
the G3 results and experimental values are observed in most cases. In addition, we 






 isomer ions 
from l,4-dioxane
+#
. The proposed pathways for some reactions of the isomer ions 
provide explanations for the observed reactivity of the isomer ions. Furthermore, we 
have employed ab initio methods to establish some channels for the 
photodissociation of chloroiodomethane and good agreement with experimental 
results has been achieved. 
Since most of the calculated results obtained in this work are in good 
agreement with the available experimental data, and since there have been previous 
successes for the methods employed, we may conclude that the relatively large 
discrepancies between the calculated and experimental results for some quantities 
reported in this thesis may not be due to the failure of the theoretical models 
employed. Rather, these discrepancies suggest that the experimental results may be 
inaccurate and deserve re-examination. 
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Appendix A 
The Gaussian-3 Theoretical Models 
The mathematical details of the Gaussian-3 (G3) methodology and its variant, 
G3(MP2), are presented below. 
A.1 The G3 Theory 
The G3 energy is the approximation of the energy calculated at the ab initio 
QCISD(T)/G3large level. It involves geometry optimization at the MP2(Full)/6-
31G(d) level. Also, vibrational frequency calculations at the MP2(Full)/6-31 G(d) 
level for the zero-point vibrational energy (ZPVE), thermal corrections, and a semi-
empirical higher-level correction (HLC) are required. Based on the optimized 
geometry, several single-point energy calculations are performed, and the G3 energy 
E(G3) is given as: 
E(G3) = E
b
ase + AE(QCI) + AE(+) + AE(2df,p) + AE(G31arge) + AE(SO) + 0.9661 x 
Z P V E m p i + H L C G S , ⑴ 
where E
b a s e
 = E[MP4SDTQ/6-31G(d)], 
AE(QCI) = E[QCISD(T)/6-31G(d) — MP4SDTQ/6-31G(d)], 





p) - MP4SDTQ/6-31G(d)], 
AE(G31arge) = E[MP2(Full)/G3large - MP2/6-31 G(2df,p)— 
MP2/6-31+G(d) + MP2/6-31G(d)], 
Z P V E m p i 二 Z P V E at MP2(Full)/6-31G(d)
? 










for molecular and atomic species, respectively. Here na > n^ and n a 
and "p are the numbers of a and (3 valence electrons, respectively. 
AE(SO) is spin-orbit correction for atomic species, and is taken from 
experiment or accurate theoretical calculations in the case where no 
experimental data are available. 
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A.2 The G3(MP2) Theory 
In the G3(MP2) procedure, the basis-set-extension corrections are obtained 
at M P 2 level, instead of the M P 4 level in G3, thus eliminating the M P 4 calculations. 
The G3(MP2) energy is calculated in the following manner: 
E(G3(MP2)) = E[QCISD(T)/6-31G(d)] + A E
M P 2
 + AE(SO) + 0.9661 x Z P V E
M P 2 
+ HLCG3MP2, ( ¾ 
where A E
M P 2
 = E[MP2/G3MP21arge 一 MP2/6-3 lG(d)], 
H L C G 3 M P 2 = - 9 . 7 2 9 x 1 - 4.471 xl0"3(WA 一 即）and 








Calculation of Enthalpy at 298 K， 
The theoretical energies obtained with the Gaussian-n methods refer to 
isolated molecules at 0 K with stationary nuclei, while thermochemical 
measurements are carried out with vibrating molecules at finite temperature, usually 
298 K. Hence, comparison of theoretical results with experimental data normally 
requires zero-point vibrational energy and thermal corrections. From statistical 
mechanics, and assuming ideal gas behavior, the difference between the enthalpy at 
finite temperature (Hj) and the energy at OK (E0) is given by 
Ht — E0 二 ETirms + ETroi + ETwib + RT 
3 
where Ej r ans = — RT, 
2 
3 
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vib 
= 3 y "兄 , where V/'s are scaled harmonic frequencies. 
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